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PREFACE TO THE FOURTH EDITION 

S INCE the publication of the first edition of this book there has 
been published a number of interesting and valuable papers 
describing researches of an important character which add materially 
to our knowledge of experimental hydraulics. Some of these have 
been incorporatf^d in the text, while others have been dealt with 
in the Appendix. 

In the first edition the author gave a good deal of attention 
to the logarithmic plotting of the experimental data dealing with 
thf flow of water in pipes and channels. The examination of that 
data showed conclusively that in all cases the loss of head in a pipe 
YfiiB ])roportional to but n was not constant, and the author 
pointed out that it was ahnost as difficult to assess values to n as 
to choose suitable coefficucuits from tabl(‘s. The work referred to 
in the Appendix, page 5r>5, coiifinns for clean pipes the results 
demanded by the rriiiciplo of D}namical Similarit}, and it is very 
much to be hoped that all workers in the future will, as far as 
possible, record not only the flow along pipes and channels and 
the hydraulic sJopes but also the density and viscosity of the fluid, 
so that in tlie analj’sis of the exporimeiits R/pv® and vdjv may be 
logariUiinically plotted. 

The growing iiujiortance of water power stations and the de- 
velopment of Lirge power units ha\e made desirable uhe extension 
of the origirnl chajiter on turbines. The principles of similarity 
have been applied to turbines and their models, and the problt n 
of the surge tank has been dealt with in a brief fundamental 
manner. 

The original chapter on pumps has been divide. ! into two 
chapters, the one on centrifugal ])umps and the other dealing with 
reciprocating pumps. 

The original intontion of the book has been preserved through- 
out. It might have been shortened very considerably if the author 
had simply been content to give particular results which can be 
used to solve practical problems with a considerable degree of 
confidiuice. Such a procc'duro would have defeated the authors 
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purpose of making the book not only immediately valuable to 
practising engineers but also of being a real help to the serious 
student and to enable readers to appreciate the nature of the 
evidence upon which results are based, and in some measure also 
to trace the devoIopm<‘nt of an interesting subject through a 
century of real progress. 

The author would also take this op})i)rtunity of expressing his 
appreciation of the kindness of those who have from time to time 
materially assisted by pointing out aritli metical errors and making 
other suggestions. 

As provinl to be the case when the original book was written, 
so in the present volume the difBculty of st'lection, without going 
far beyond the original pur])ose of the book and kcej)ing the volume 
within reasonable dimensions, has not been easy. 

F. C. LEA 

Birminoham, 

April 1923. 
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CHAPTER L 

FLUIDS AT BEST. 


1. Introduction. 

The science of Hydraulics, in its limited sense and as originally 
understood, had for its object the consideration of the laws 
regulating the flow of water in channels, but it has come to have 
a wider significance*, a nd it now embraces the study of the principles 
involved in the pninping of water and other fluids and their appli- 
cation to the working of different kinds of machines. 

The practice of conveying water along artificially constructed 
channels for irrigation and domestic purposes dates back into 
great antiquity. The Egyptians constructed transit canals for 
warlike purposes, as early as 3000 B.O., and works for the better 
utilisation of the waters of the N^ilo were carried out at an even 
earlier date. According to Josephus, the gardens of Solomon 
were made beautiful by fountains and other water works. The 
aqueducts of Rome*, some of which were constructed more than 
2000 years ago, were among the “wonders of the world,’* and 
to-day the city of Athens is partially supplied with water by 
means of an aqueduct constructed probably some cei Juries before 
the Christian era. 

The science of Hydraulics, hovrever, may be said to have only 
come into existence at the end of tho soventeoiith century when 
the attention of philosophers was drawn to the problems involved 
in tho design of the fountains, which came into considerable use 
in Italian landscape gardens, and whicli, according t » Bacon, 
were of “great beauty and refreshment.” Tho founders were 
principally Torricelli and Mariotte from the experimental, and 
Bernoulli from the theoretical, side. The experiments of Torri- 
celli and of Mariotte to determine tho discharge of water through 
orifices in the sides of tanks and through short pipes, probably 
* The Agu^duct8 of Borne. Frontinos, tiauslated by HerscheL 

L, n. I 
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mark the first attempts to determine the laws regulating the 
flow of water^ and Torricelli^s famous theorem may be said to 
be the foundation of modern Hydraulics. But, as shown at the 
end of the chapter on flow in channels, it was not until a century 
later that any serious attempt was made to give expression to the 
laws regulating the flow in long pipes and channels, and practi- 
cally the whole of the knowledge we now possess has been 
acquired during the last century. Simple machines for the 
utilisation of the power of natural streams have been made for 
many centuries, examples of which are to be found in an interest- 
ing work Hydrostatilfs and Ilydrauliks written in English by 
Stephen Swetzer in 1729, but it has been reserved to the workers 
of the nineteenth century to devolope all kinds of hydraulic 
naachinery, and to discover the principles involved in their correct 
design. Poncelet^s enunciation of the correct principles which 
should regulate the design of the floats^' or buckets of water 
wheels, and Pourneyron’s application of the triangle of velocities 
to the design of turbines, marked a distinct advance, but it must 
bo admitted that the enormous development of this class of 
machinery, and the very high standard of efficiency obtained, is 
the outcome, not of theoretical deductions, but of experience, 
and the careful, scientific interpretation of the results of 
experiments. 

2. Fluids and their properties. 

The name fluid is given, in general, to a body^whic^ offers 
very small resistance to defo rmation j and wUiSi takes the shape 
of thiTbody with which it is"in contact. 

If a solid body rests upon a horizontal plane, a force is required 
to move the body over the plane, or to overcome the friction 
between the body and the ijlano. If the plane is very smooth 
the force may be very small, and if we conceive the plane to be 
perfectly smooth the smallest imaginable force would move the 
body. 

If in a fluid, a horizontal plane be imagined separating tho 
fluid into two parts, the force necessary to cause the upper 
part to slide over the lower will be very small indeed, and 
any force, however small, applied to tho fluid above the plane 
and parallel to it, will cause motion, or in other words will cause 
a deformation of tho fluid. 

Similarly, if a very thin plate be immersed in tho fluid in any 
direction, the plate can be made to separate the fluid into two 
parts by the application to the plate of an infinitesimal force, 
and in the imaginary perfect fluid this force would bo zero. 
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Viscosity. Fluids found in nature are not perfect and are 
said to have viscosity; but when they are at rest the conditions 
of equilibrium can be obtained, with sufficient accuracy, on 
the assumption that they are perfect fluids, and that therefore 
no tangential stresse s can exkt alo ng any plane Jn a ^fluM. 
This branch of the stucly of Amis is cSled Sydrostatics; when 
the laws of movement of fluids are considered, as in Hydraulics, 
these tangential, or frictional forces have to be taken into 
consideration. 

3. Compressible and inoompre&sible fluids. 

There are two kinds of fluids, gases and liquids, or those which 
are easily compressed, and those which are compressed with 
difficulty. The amount by which the volumes of the latter are 
altered for a very largo variation in the pre.s*^nro is so small that 
in practical problems this variation is entirely neglected, and 
they are therefore considered as incompressible fluids. 

In tliis volume only incompressible fluids are considered, and 
attention is confined, almost entindy, to the one fluid, water. 

4. Density and specific gravity. 

Tlie density of any substance is the weight of unit volume at 
the standard temperature and pressure. 

The specific gravity of any substance at any tcniperatiire and 
pressure is the ratio of the weight o£ unit volume to the weight 
of unit vplimie of pure 'vvatgr at the staiulard temperature and 
gressure. 

The variation of the volume of liquid fluids, with the pressure, 
as stated above, is negligible, and the variation due to changes of 
temperature, such as are ordinarily mot with, is so hmall, that in 
practical problems it is unnecessary to take it into account. 

In the case of water, the presence of salts in solution is of 
greater importance in determining the density than variations 
of temperature, as will be seen by comparing the densities of sea 
water and pure water given in the following table, 

TABLE I. 

Useful data. 

One cubic foot of water at 89 1" F, wciglis 62*425 lbs. 

»» »i »» 60 F. ,, 62*36 y, 

One cubic foot of average sea water at 60® F. weighs 64 lbs. 

One gallon of pure water at 60® F. weighs 10 lbs. 

One gallon of pure water has a volume of 277*25 cubic inches. 

One ton of pure water at 60® F. has a volume of 85*9 cubic foot. 

1-2 
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Table of densities of pure water^ 


Temperattire 

Degrees Fahrenheit 

Density 

82 

•99987 

891 

1-000000 

80 

0-99973 

GO 

0-99905 

80 

0 99664 

104 

0-99283 


From the above it will be seen that in practical problems it 
will be sufficiently near to take tbe weight of o ne cnbio foot of 
fresh wate £^a.s_62'4 l bs., on e gallon as 10 pounds, 6*24 gallons in a 
cubic foot, and one cumdloot oFsea water as 64 pounds. * 

* ^ . MW# # * 

5. Hydrostatics. 

A knowledge of the principles of hydrostatics is very helpful 
in approaching the subject of hydraulics, and in the wider sense 
in which the latter word is now used it may be said to include the 
former. It is, therefore, advisable to consider the laws of fluids 
at rest. 

There are two cases to consider. First, fluids at rest under the 
action of gravity, and second, those cases in which the fluids are 
at rest, or are moving very slowly, and are contained in closed 
vessels in which pressures of any magnitude act upon the fluid, 
as, for instance, in hydraulic lifts and presses. 

6. Intensity of pressure. 

The intensity of pressure at any point in a fluid is the pressure 
exerted upon unit area, if the pressrre on the unit area is uniform 
and is exerted at the same rate as at the point. 

Consider any little element of area a, about a jioint in the fluid, 
and upon which the pressure is uniform. 

If P is the total pressure on a, the Intensity of Pressure p, is then 

_P 
^ a ^ 

or when P and a are indefinitely diminished, 



7. The pressure at any point in a fluid Is the same In all 
directions. 

It has been stated above that when a fluid is at rest its resist- 
ance to lateral deformation is practically zero and that on any 
plane in the fluid tangential stresses cannot exist. From this 
experimental fact it follows that the pressure at any point in the 
fluid is the same in all directions. 
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Consider a small wedge ABO, Fig. 1, floating immersed in a 
fluid at rest. 

Since there cannot be a tangential 
stress on any of .the planes AB, BC, or AC, 
the pressures on them must be normal. 

Let p, Pi and pa be the intensities of 
pressures on these planes respectively. 

The weight of the wedge will be very 
small compared with the pressures on its 
faces and may be neglected. 

As the wedge is in equilibrium under the forces acting on 
its three faces, the resolved components of the force acting on 
AC in the directions of p and pi must balance the forces acting 
on AB and BC respectively. 

Therefore Pa . AC cos ^ = p . AB, 

and P 2 AC sin ^ = pi BO. 

But AB = AO cos and BO AC sin 

Therefore p = Pi^Pa. 

8. The pressure on any horizontal plane in a fluid must 
be constant. 

Consider a small cylinder of a fluid joining any two points A 
and B on the same horizontal plane in the fluid. 

Since there can be no tangential forces acting on the cylinder 
parallel to the axis, the cylinder must bo in equilibrium under the 
pressures on the ends A and B of the cjdindcr, and since these 
are of equal area, the pressure must be the same at each end of 
the cylinder. 

9. Fluids at rest, with the tree surface horizontal. 

The pressure per unit area at any depth h below the free 
surface of a fluid duo to the weight of tlio fluid is equal to tne 
weight of a column of fluid of height h and of unit sectional area. 

Let the pressure por unit area acting on the surface of the 
fluid bo p lbs. If the fluid is in a closed vessel, the pre&sure p may 
have any assigned value, but if the free surface is exposed to the 
atmosplicro, p will bo the atmospheric pressure. 

If a small open tube AB, of length hy and cross sectional area a, 
be placed in the fluid, the weight por unit volume of which is 
w lbs., with its axis vertical, and its upper end A coincident with 
the surface of the fluid, the weight of fluid in tho cylinder must be 

a. A lbs. The pressure acting on the end A of the column 
is pa lbs* 
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Since there cannot be any force acting on the colnmn parallel 
to the sides of the tube^ the force of wah lbs. + pa lbs. must be 
kept in equilibrium by the pressure of the external fluid acting on 
the fluid in the cylinder at the end B. 

The pressure per unit area at B^ therefore, 

The pressure per unit area, therefore, due to the weight of the 
fluid only is wh lbs. 

In the case of water, w may be taken as 62“40 lbs. per cubic 
foot ai/d the pressure per sq. foot at a depth of h feet is, therefore, 
62‘40A lbs., and per sq. inch *43371. lbs. 

It should bo noted that the pressure is independent of the form 
of the vessel, and simply depends upon the vertical depth of the 
point considered below the surface of the fluid. This can be 
illustrated by the different vessels shown in Fig. 2. If these 
were all connected together by means of a pipe, the fluid when 
at rest would stand at the same level in all of them, and on any 
horizontal plane AB the ])ressure would be the same. 



<7/i/ Uic PUuw A per 

Fig. 2. 


If now the various vessels were sealed from each other 
by closing suitable valves, and the pipe taken away without 
disturbing the level CD in any case, the intensity of pressure on 
AB would remain unaltered, and would be, in all cases, equal 
to wh. 

Example, In a condenser containing air and water, the pressnre of the air is 
2 lbs. pur sq. inch absolate. Find the pressure per sq. fbot at a point 3 feet below 
the free surface of the water. 

144 + 8^ 62*4 
a 475*2 lbs. per sq. foot 
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10. Pressures measured in feet of water. Pressure bead. 

It is oonyenient in hydrostatics and hydraulics to express the 
pressure at any point in a fluid in feet of the fluid instead of pounds 
per sq. foot or sq. inch. It follows from the previous section that 
if the pressure per sq. foot is p Ihs. the equivalent pressure in feet 

of water, or the pressure head, is A = ^ ft. and for any other fluid 

having a specific gravity p, the pressure per sq. foot for a head 

h of the fluid is p^w.p^h. or 

wp 

11. Piezometer tubes. 

The pressure in a pipe or other vessel can conveniently be 
measured by fixing a tube in the pipe and noting the height to 
which the water rises in the tube. 

Such a tube is called a pressure, or piezometer, tube. 

The tube need not be made straight but may be bent into any 
form and carried, within reasonable limits, any distance horizon- 
tally. 

The vertical rise h of the water will bo always 



where p is the pressure per sq. foot in the pipe. 

if instead of water, a liquid of specific gravity p is used the 
height h to which the liquid will rise in the tube is 


w.p 


Example. A tube ba>ins one end open to the atmosphere is fitted into a pipe 
oontaiuing water at a pressure of 10 lbs. per sq. inoh abore the atmosphere. Find 
the heq'liL to wliioh the water will rise in the tube. 

The water will li^e to Hiich a luMght that the pressure at the end of the tube in 
the pipe due to the column of v^ater will be 10 lbs. per sq. inoh. 

Therefore /?= 23 08 feet. 

w 


12. The barometer. 


n 


The method of determining the atmospheric 
pressure by means of the barometer can now be 
understood. 

If a tube about 3 feet long closed at one end be 
completely filled with mercury, Pig. 8, and then 
turned into a vertical position with its open end 
in a vessel containing mercury, the liquid in the 
tube falls until the length h of the column is about 
80 inches above the surface of the mercury in the 
vessel. 



Fig. 8. 
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Since the pressure p on the top of the mercury is now zero, the 
pressure per unit area acting on the section of the tube, level with ^ 
the surface of the mercury in the vessel, must be equal to the 
weight of a column of mercury of height h. 

The specific gravity of the mercury is 13’596 at the standard 
temperature and pressure, and therefore the atmospheric pressure 
per sq. inch, pa, is, 




80" X 13-696 X 62-4 
12x144 


= 14*7 lbs. per sq. inoh. 


Expressed in feet of water, 


_ 14-7x144 
62-4 


= 33-92 feet. 


This is so near to 84^feet that for the standard atmospheric 
pressure this A'^alue will be taken throughout this book. 

A similar tube can be conveniently used for measuring low 
pressures, lighter liquids being used when a more sensitive gauge 
is required. 


13. The differential gauge. 

A more convenient arrangement for measuring pressures, and 
one of considerable utility in many hydraulic experiments, is 
known as the differential gauge. 

Let ABCD, Fig. 4, be a simple U tube 
containing in the lower part some fluid of 
known density. 

If the two limbs of the tube are open to 
the atmosphere the two surfaces of the fluid 
will be in the same horizontal plane. 

If, howovor, into the limbs of the tube a 
lighter fluid, which does not mix with the 
lower fluid, be poured until it rises to 0 in 
one tube and to D in the other, the two 
surfatses of the lower fluid will now bo at 
different levels. 

Let B and E be the common surfaces of 
the two fluids, h being their difference of 
level, and hi and the heights of the free 
surfaces of the lighter fluid above E and B respectively. 

Let p be the pressure of the atmosphere per unit area, and d 
and di the densities of the lower and upper fluids respectively. 
Then, since upon the horizontal piano AB the fluid pressure must 
be constant, 

p + djit = p + dihi + dh^ 
dfi (ha ““ hj) ® dh» 



or 
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If now, instead of the two limbs of tbe U tube being open to 
the atmosphere, they are connected by tubes to closed vessels in 
which the pressures are and pa pounds per sq. foot respectively, 
and hi and are the vertical lengths of the columns of fluid above 
B and B respectively, then 

di ,hi — Pi + di . fei + d , A, 

or Pa- Pi = (2. A-<ii(Aa-^). 

An application of such a tube to determine the difference of 
pressure at two points in a pipe containing flowing water is shown 
in Fig, 88, page 116, 

Fluids generally used in such U tubes* In hydraulic experiments 
the upper part of the tube is filled with A\ator, and therefore the 
fluid in the lower part must have a greater density than water. 
When the difference of pressure is fairly large, mei’ciiry is generally 
used, the specific gravity of which is 13‘r)9G. "When the difference 
of pressure is small, the height h is difficult to measure with 
precision, so that, if this form of gauge is to be used, it is desirable 
to replace the mercury by a lighter liquid. Carbon bisulpliide 
has been used but its action is sluggisli and the meniscus between 
it and the water is not alw ays wxdl defined. 

Nitro-benzine gives good results, its prin- 
cipal fault being that the falling ineni^'Cus 
does not very quickly assume a definite 
shape. 

2Tie inverted air qnvqe* A more sen- 
sitive gauge, than the mercury gauge, 
can be made by inverting a U tube and 
enclosing in tho iippcT part a certain 
quantity of air as in the tube BIlC, h'lg. o. 

Lot the pressure at D in tho limb DF 
be Pi pounds per square foot, equi\alent 
to a head hi of tho fluid in tho lower part 
of the gauge, and at A in tho limb AB lot 
tbe pressure be pa, equivalent to a liead 
Let h be the difference o£ level of G and C. 

Then if (UJii contains air, and tho weight of the air be 
neglected, being very small, the pressure at 0 must equal the 
pressure at Q; and since in a fluid the pressure on any horizontal 
plane is constant tho pressure at 0 is equal to the pressure at D, 
and the pressure at A equal to tho pressure at B. Again the 
pressure at G is equal to the pressure at K, 

Therefore 



or 
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If the fluid io water p may then be taken as unity; for a given 
difference of pressure the value of h will clearly be much greater 
than for the mercury gauge^ and it has the further advantage that 
h gives directly the difference of pressure in feet of water. The 
temperature of the air in the tube does not affect the readings, as 
any rise in temperature will simply depress the two columns 
without affecting the value of h. 

The inverted oil gauge. A still more sensitive gauge can 
however be obtained by using, in the 
upper part of the tube, an oil lighter 
than water instead of air, as shown 
in Fig- 6. 

Let Pi and p% be the pressures in 
the two limbs of the tube on a given 
horizontal plane AD, hi and Aa being 
the equivalent heads of water. The 
oil in the bent tube will then take up 
some such position as shown, the 
plane AD being supposed to coincide 
with the lower surface 0. 

Then, since upon any horizontal 
plane in a homogeneous fluid the 
pressure must be constant, the pres- 
sures at Gr and H are equal and also 
those at D and G. 

Let Pi be the specific gravity of 
the water, and p of the oil. 

Then Pi hi-ph = Pi (Jk^ - h). 

Therefore (pi - p) = Pi (Jh - Ai) 



Substituting for hi and ht the values 



or 


hi=— and ha = -^ , 
WPl Wpi* 

W.{pi-p) 

Pj-2Ji = w. (j>i-p)h 


( 2 ), 

( 3 ). 


From (2) it is evident that, if the density of the oil is not very 
different fi'om that of the water, h may be large for very small 
differences of pressure. Williams, Hubbell and Fenkell* found 
that either kerosene, gasoline, or sperm oil gave excellent results, 
but sperm oil was too sluggish in its action for rapid work. 


* Proeeedingii Am.S.O.E^ Vol. sxvii, p. 384. 
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Kerosene gave the best results. Tbe author has used mineral oils 
lighter than water of specific gravities varying from 078 to 0*96 
and heavier than water of specific gravities from 1*1 to 1*2. 

Temperaimre coefficient of the inverted oil gauge. TTnlike the 
inverted air gauge the oil gauge has a considerable temperature 
coefficient, as will be seen from the table of specific gravities at 
various temperatures of water and tho kerosene and gasoline used 
by Williams, Hubbell and Fenkell. 

In this table the specific gravity of water is taken as unity 
at COT. 



Water 

Kerosene 

Gasoline 

Temperature *F. 

40 

60 

100 

40 60 100 

40 60 80 

Specific gravity 

1-00092 

1-0000 

•9041 

-7956 ‘7879 -7726 

•72147 -71687 -70547 


The calibration of the inverted oil gauge. An arrangement 
similar to that shown in Fig. 6 can conveniently be used for 
calibrating these gauges. 

The difference of level of E and F clearly gives the difference 
of head acting on the plane AD in feet of water, and this from 

equation (1) equals 

Pi 

Water is put into AE and FD so that the surfaces B and P 
aro on the same level, the common surfaces of the oil and the 
water also being on the same level, this level being zero for the 
oil. Water is then run out of FD until the surface P is 
exactly 1 inch below E and a reading for h taken. The surface P 
is again lowered 1 inch and a reading of h taken. This process 
is continued until F is lowered as far as convenient, and then 
the water in EA is drawn out in a similar manner. When E 
and F are again lovel the oil in the gauge should read zero. 

14. Transmission of fluid pressure. 

If an exteinal pressure be applied at any point in a fluid, it is 
transmitted equally in all direc* 
tions through the whole mass. 

This is proved experimentally 
by means of a simple apparatus 
such as shown in Fig. 7. 

If a pressure P is exerted upon 
a small piston Q of a sq. inches 



Fig. 7. 
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area, {he preasnre per nnit area p = — , and the piston at B on the 

Ot 

same leyel as Q, which has an area A, can be made to lift a load W 

p 

equal to A - ; or the pressure per sq. inch at B is equal to the 


pressure at Q. The piston at B is assumed to be on the same level 
as Q BO as to eliminate the consideration of the small difF orences of 
pressure due to the weight of the fluid. 

If a pressure gauge is fitted on the connecting pipe at any 
pointy and p is so large that the pressure due to the weight of the 
fluid may be neglected^ it will be found that the intensity of 
pressure is p. TUs result could have been anticipated from that 
of section 8. 

Upon this simple principle depends the fact that enormous 
forces can bo exerted by moans of hydraulic pressure. 

If tho piston at Q is of small area^ while that at B is large^ 
then, since the pressure per sq. inch is constant throughout tho 


fluid, 


W A 


or a very large force W can be overcome by the application of 
a small force P. A very largo mechanical advantage is thus 
obtained. 

It should be clearly understood that tho rate of doing work 
at W, neglecting any losses, is equal to that at P, the distance 
moved through by W being to that moved through by P in 
the ratio of P to W, or in tho ratio of a to A. 


Example, A pump lam has a stroke of 3 inchos and a diameter of 1 inch. The 
pump supplies water to a lift which has a ram of 5 inches diameter. The force 
driTing the pump ram is 1500 lbs. Nogloctmg all losses due to friction etc., 
determine the weight lifted, the work done in raising it 5 feet, and the number 
of strokes made by tho pump while raising the weight. 

Area of the pump ram =*7854 sq. inch. 

Area of the hft ram = 19*6 sq. indies. 

Therefore =87,600 Ibe. 

Work done =87,600 x 6=167,600 ft. lbs. 

Let N equal the number of strokes of the pump ram. 

Then N x ^ 1^00 lbs. = 187,500 ft. lbs. 

and 500 strokes. 


15. Total or whole pressure. 

Tho whole pressure acting on a surface is tho sum of all the 
normal pressures acting on the surface. If the surface is plane all 
the forces are parallel, and the whole pressure is the sum of these 
parallel forces. 
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Let any surface, which need not he a plane, he immei'sed 
in a fluid. Let A he the area of the wetted surface, and h the 
pressure head at the centre of gravity of the area. If the area 
is immersed in a fluid the pressure on tho surface of which is zero, 
the free surface of the fluid will he at a height h above the centre 
of gravity of the area. In the case of the area being immersed in 
a fluid, the surface of wliich is exposed to a pressure p, and below 
which the depth of the centre of gravity of the aroa is then 

h=‘7io + -. 
w 

If the area exposed to the fluid prossure is one face of a body, 
the opposite face of which is exposed to the atmospheric pressure, 
as in the case of the side of a tank containing water, or the 
masonry dam of Fig. 14, or a valvo closing the end of a pipe as 
in Fig. 8, the pressure due to the 
atmosphere is the same on the two 
faces and therefore may be ncglecte<L 

Let w be the weight of a cubic 
foot of the fluid. Then, the whole 
pressure on the area is 

P = A. A. 

If the surface is in a horizontal 
plane the theorem is obviously true, 
since the intensity of pressure is con- 
stant and equals w .h. 

In general, imagine the surface, 

Fig. 9, divided into a largo numbor of small areas a, eh, Oa .... 

Let X be the depth below the free surface FS, of any element 
of area a ; the pressure on this element = 

The whole pressure P = Sw . oj . a. 

But w is constant, and the sum of the moments of the elements 
of tho area about any axis equals the moment of the whole area* 
about the same axis, therefore 

and T-w.A.h. 

* w 4 r M. 

16. Centre of presBiire. 

The centre of pressure of an^ plane 
Borface acted upon by a fluid is the 
point of action of the resultant pressure 
acting upon the surface. 

Depth of the centre of pressure. Let 
DBG, Fig. 9, he any plane surface 
exposed to fluid pressure. V\g. 8 . 

* See test-bodo on Ifeehenics. 
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Let A be the area, and Jh tbe pressure head at the centre of 
gravity of the surface, or if FS is the free surface of the fluid, h is 
the depth below FS of the centre of gravity. 

Then, the whole pressure 

P = ti?. A. A 

Let X be the depth of the centre of pressure. 

Imagine the surface, as before, divided into a number of small 
areas a, ay, ... etc. 

The pressure on any element a 


=» w.a.o?, 

and - 

Taking moments about FS, 

P . X = (wax^ + + ...) 

= Staoaj®, 


or 


* wAh 


Ah • 


When the area is in a vertical plane, which intersects the 
surface of the water in FS, 2aaj* is the ‘^second moment of the 
area about the axis FS, or what is sometimes called the moment 
of inertia of the area about this axis. 

Therefore, tho depth of the centre of pressure of a vertical 
area below the free surface of the fluid 


moment of inertia of the area about an axis in its own plane 

and in the free surtace 

” area x the depth ot the centre of gravity ^ 

or, if I is the moment of inertia, 

^= 33 - 


Moment of Inertia about any axis. Calling I© the Moment 
of Inertia about an axis through the centre of gravity, and I the 
Moment of Inertia about any axis parallel to the axis through the 
centra of gravity and at a distance h from it. 


Examples, 


I = Io + Afe*. 

(1) Area U a rectangle breadth h and depth d, 
'P=w ,h ,d ,ht 



b9l 6^ 
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If the free sorface of the water is level with the upper edge of the rectangle, 
, and Xs:|.d. 


(2) Area ia a oirole of radius B. 


X= 




wU‘‘h 


If the top of the oirole is just in the free surface or hsB, 

X=tB. 


TABLE n. 

Table of Moments of Liertia of areas. 


Form of area 


Moment of inertia about 
an a^ia AB through the 
0. of G. of the section 


Rectangle 




Triangle 



1 

30 


b<P 



ird* 


About the axis A13 


Semicircle 





Parabola 



"F* 


t’ 


i 





















1C 


BTDMJJLlca 


17. Diagram of pressure on a plane area. 

If a diagram be drawn showing the intensity of pressure on 
a plane area at any depths the whole pressure is equal to the volume 
of the solid thus formed^ and the centre of pressure of the area is 
found by drawing a line through the centre 
of gravity of this solid perpendicular to the 
area. 

For a rectangular area ABCD, having the 
side AJB in the surface of the water, the 
diagram of pressure is AEFCB, Fig. 10. The 
volume of AEFOB is the whole pressure and 
equals ibcPw^ b being the width and d the 
depth of the area. 

Since the loctangle is of constant width, 
the diagram of pressure may bo represented 
by the triangle BOP, Fig. 11, the resultant pressure acting 
through its centre of gravity, and therefore at from the surface. 




Fig. 11. Fig. 12. 

For a vertical circle the diagram of pressure is as shown in 
Pigs. 12 and 13. The intensity of pressure ab on any strip at a 
depth Ao Is wh„. The whole pressure is the volume of the truncated 
cylinder efkh and the centre of pressure is found by drawing a 
line perpendicular to the circle, through the centre of gravity 
of this truncated cylinder. 



Fig. 13. 
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Another, and frequently a very oonvemont method of deter- 
mining the depth of the centre of pressure, when the whole of the 
area is at some distance below the surface of the water, is to 
consider the pressure on the area as made up of a uniform pressure 
over the whole surface, and a pressure of variable intensity. 

Take again, as an example, the vertical circle the diagrams of 
pressure for which are shown in Figs. 12 and 13. 

At any depth Aq the intensity of pressure on the strip ad is 

The pressure on any strip ad is, therefore, made up of a 
constant pressure per unit area whx and a variable pressure whi ; 
and the whole pressure is equal to the volume of the cylinder e/gh, 
Fig. 12, together with the circular wedge fhg. 

The wedge fkg is equal to the whole pressure on a vertical 
circle, the tangent to which is in the free surface of the water and 

df 

equals w . A . ^ , and the centre of gravity of this wedge will be at 

the same vertical distance from the centre of the circle as the 
centre of pressure when the circle touches the surface. The whole 
pressure P may be supposed therefore to be the resultant of two 
parallel forces Pi and Pg acting through the centres of gravity of 
the cylinder efgh^ and of the circular wedge fkg respectively, the 
magnitudes of Pi and Pa being the volumes of the cylinder and 
the wedge respectively. 

To find the centre of pressure on the circle AB it is only 
necessary to find the resultant of two parallel forces 

Pi = A.whji and Pa = M>.A^0, 

of which Pi acts at the centre c, and Pg at a point 0i which is at 
a distance from A of ^r. 

Example* A masonry dam. Fig. 14, 
has a height of 60 leot from the founda- 
tions and the 'water face is inclined at 
10 degrees to the vertical ; find the whole 
pressure on the face due to the inatur per 
foot width of the dam, and the centre of 
pressure, when the water surface is level 
with the top of the dam. The atmo- 
spheric picssuxe may be nt'gleoted. 

The whole pressuie will be the force 
tending to overturn the dum, since the 
horizontal component of the pressure 
on AB due to the atmosphere will be 
counterbalanced by tbe horizontal com- 
ponents of the atmospheric pressure on 
the back of the dam. Since the pressure 
on the face is normal, and the intensity 

of pressure is proportional to the depth. Fig. 14 . 



** — 

M ijBthe^re^uUawvt thrwL 
ortth& base^DJBajvcLaje^ 
ax^th&pcuvt E* 
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jlihe diagram of preaiinre on tlie face AB will be the triangle ABO^ BO being e^tuil 
to wA and perpendicular to AB. 

The centre of preaeure is at the centre of gravity of the pressure diagram and Is, 
therefore, at ^ the height of the dam from the base. 

The whole pressure acts porpendioular to AB, and is equal to the area ABO 

X see 10^ per foot width 
. 62*4 X 6400 X l‘0154s202750 lbs. 

Combining P with W, the weight of the dam, the reonltant thrust B on &e base 
and its point of intersection £ with the base is detennhlMl 

Example. A vertical flap valve olosea the end of a pipe 2 feet diameter; the 
pressure at the centre of the pipe is equal to a head of 6 feet of water. To deteimine 
the whole pressure on the valve and the centre of pressure. The atmospheric 
pressure may be neglected. 

The whole pressure P s: . 8' 

=62*4.». 8=1570 lbs. 

Depth of the centre of pressure. 

The moment of inertia about the free surface, which is 8 feet above the centre 
of the valve, is 

irll** 

1 = 8 ^ 

4 

Therefore X=.^^-?-^=8'0S*. 

fr . o 

That is, J inch below the centre of the valve. 

The diagram of pressure is a truncated cylinder efkhj Figs. 12 and 13, ef and hk 
being the intensities of pressure at the top and bottom of the valve respectively. 

Example. The end of a pontoon which floats in sea water is as riiown in Fig. 15. 
The level WL of the water is also shown. Find the whole pressure on the end of 
the pontoon and the centre of pressure. 



Kg. 15. 


The whole pressure on BB 

=64 lbs. X l(y X 4*5' X 2*25' =6480 Iba. 

The depth of the centre of pressure of BE is 

1 . 4*6=.r. 

The whole pressure on each of the rectangh s above the quadrants 
=is. 5=820 lbs., 

and the depth of the centre of pressure is | feet. 

The two quadrants, since they are symmetrically placed about the vertical 
centre line, may be taken together to form a semicircle. Let d be the distance 
below the centre of the semicircle of an/ element of area« the distance of the 
element below the surface being 
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Then the intensity of pressnn at depth Itq 

ssio,24to .d. 


ir 

And the whole pressiira on the eemioirole is . F +the whole pressure 

on the semloirole when the diameter is in the snrfaoe of the water. 

The distance of the centre of gravity of a seznicirole from the centre of the 


oirole is 


4n 

8t 




Therefore, 


«:201R’+42*G6R^»1256-I*C6C lbs. 


The depth of the centre of pressure of the semicircle when the surfiace of the 
water is at tiie centre of the oirde, is 


X*sr 


8 




S.ir.R 

* IG 


=rl-4r. 


And, therefore, the whole pressure on the somirirole is the sum of two forces, 
one of which, 1256 lbs., acts at the centre of gra\ity, or at a distance of 8*06' from 
AD, and the other of 666 lbs. acts at a distAnoe ol 8*47' from AD. 

Then taking moments about AD the product of the pressure on the whole area 
into the depth of the centre of pressure is equal to the moments of all the forces 
acting on the area, about AD. The depth of tlie centre of pressure is, therefore. 


6180 lbs. X 3'+ 320 Iba. x 2 x 4'+ 125 6 lbs x 3*06 -j- 666 lbs, x 8*47^ 
64b0 ir 64U-h 1256 + 666 


e:2*98 feet. 


EXAMPLES. 

(1) A rectangular tank 12 feet long, 5 feot wide, and 5 feet deep is 
filled with water. 

Find the total pressure on on end and side of the tank. 

(2) Find the total pressure and the centre of pressure, on a vertical 
sluice, circular in form, 2 foot in diameter, the centre of which is 4 feet 
below the surface of iho water. [M. S. T. Cambridge, 1901.J 

(8) A masonry dam vortical on the water side supports water of 
120 feet depth. Find the pressure per square foot at depths of 20 fee^ and 
70 feot from the surface; also the total pressure on 1 foot length of the dim. 

(4) A dock gate is hinged horizontally at the bottom and supported in 
a vertical position by horizontal chains at the top. 

Height of gate 45 feet, width 80 ft. Depth of water at one side of the 
gate 82 feet and 20 feet on the other side. Find the tension in the nlin.in% 
Sea- water wei^^ 64 pounds per cubio foot. 

(5) H mercury is 18} times as heavy as water, find the hei^t of a 
column corresponding to a pressure of 100 lbs. per square inch. 

(61 A straight pipo 6 inches diameter has a right-an^ed bend 
to it by bolts, the end of the bend being dosed by a flange. 

The pipe contains water at a pressure of 700 lbs. per aq. inch* Determine 
the total pull in the bolts at both ends of the elbow, 

2— a 
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(7) Tlie end of a dock caisson is as shown in Fig. 16 and the Water 
leTel is AB. 

Determine the whole pressure and the centre of pressure* 



Fig. 16. 

(8) An U tube contains oil having a specific gravity cf 1*1 in the lower 
part of the tube. Above the oil in one limb is one foot of water, and above 
the other 2 feet. Find the difference of level of the oil in the two limbs. 

(9) A pressure gauge, for use in a stokehold, is made of a glass U tube 
with enlarged ends, one of which is exposed to the pressure in the stokehold 
and the other connected to the outside air. The gauge is filled with water 
on one side, and oil having a specific gravity of 0*95 on the other — the 
surface of separation being in the tube below the enlarged ends. If the 
area of the enlarged end is fifty times that of tho tube, how many inches of 
water pressure in the stokehold correspond to a displacement of one inch 
in the surface of separation ? [J^ond. Un. 190G.] 

(10) An inverted oil gauge has its upper U filled with oil having a 
specific gravity of 0*7955 and tho lower part of the gauge is filled with 
water. The two limbs are then connected to two different points on a pipe 
in which there is flowing water. 

Find the difference of tho pressure at the two points in the pipe when 
the difference of level of tho oil surfaces in the limbs of the U is 
15 inches. 

(11) An opening in a reservoir dam is closed by a plate 8 feet square, 
which is hinged at tho upper horizontal edge; the plate is inclined at an 
angle of 60° to tho horizontal, and its top edge is 12 feet below the surface 
of the water. If this plate is opened by means of a chain attacliod to the 
centre of the lower edge, find the necessary pull in the chain if its line of 
action makes on angle of 45° with the plate. The weight of the plate is 
400 pounds. [Lond. Un. 1905.] 

(12) The width of a lock is 20 feet and it is closed by two gates at each 
end, each gate being 12' long. 

If the gates are closed and tho water stands 16' above the bottom on one 
side and 4' on tho other side, find the magnitude and position of the resultant 
pressure on each gate, and tho pressure between the gates. Show also that 
the reaction at the hinges is equal to the pressure between the gates. One 
cubic foot of waters62*5 lbs. [Lond. Un. 1905.] 
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FLOATING BODIES. 

18. OondltionB of equilibrium. 

Wlien a body floats in a fluid the surface of the body in 
contact ■with the fluid is subject to hydrostatic pressures, the 
intensity of pressure on any element of the sur&ce depend* 
ing upon its depth below the surface. The resultant of the 
vertical components of these hydrostatic forces is called the 
buoyancy, and its mngnitudo must bo exactly equal to the weight 
of the body, for if not tho body will either rise or sink. Again 
the horizontal components of these hydrostatic forces must 
be in equilibrium amongst themselves, otherwise the body will 
have a lateral movement. 

The position of equilibrium for a floating body is obtained 
when (a) tho buoyancy is exactly equal to the weight of the 
body, and (b) tho vertical forces — ^tho weight and the buoyancy — 
act in the same vertical lino, or in other words, in such a way os 
to produce no couple tending to make the body rotate. 

Let Q-, Fig. 17, be the centre of gravity of a floating ship and 
BK, which does not pass through G, tho line of action of the 
resultant of the vertical buoyancy forces. iSmee the buoyancy 



must equal the weight of the ship, there are two parallel forces 
each equal to W acting through G and along BK respectively, 
and these form a couple of magnitude Wx, which tends to bring 
tho ship into the position shown in Fig. 18, that is, so that BK 
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passes tlirough O. The abore condition (b) can therefore only be 
realisedj when the resultant of the buoyancy forces passes through 
the centre of gravity of the body* If, however, the body is 
dieplaoed from this position of equilibrium, as for example a ship 
at sea would be when made to roll by wave motions, there will 
generally be a couple, as in Fig. 17, acting upon the body, which 
should in all cases tend to restore the body to its position of 
equilibrium. Consequently the floating body will oscillate about 
its equilibrium position and it is then said to be in stable equi- 
librium. On the other hand, i£ when the body is given a small 
displacement from the position of oquilibrium, the vertical forces 
act in such a way as to cause a couple tending to increase the 
displacement, the equilibrium is said to be unstable. 

The problems connected with floating bodies acted upon by 
forces due to gravity and the hydrostatic pressures only, 
resolve themselves therefore into two, 

(а) To find the position of equilibrium of the body. 

(б) To find whether the equilibrium is stable. 

19. Principle of Archimedes. 

When a body floats freely in a fluid the weight of the body is 
equal to the weight of the fluid displaced. 

Since the weight of the body is equal to the resultant of the 
vertical hydrostatic pressures, or to the buoyancy, this principle 
will be proved, if the weight of the water displaced is shown to be 
equal to the buoyancy. 

Let ABC, Fig. 19, be a body floating in equilibrium, AC being 
in the surface of the fluid. 



Consider any small element ab of the surface, of area a and 
depth h, the plane of the element being inclined at any angle to 
the horizontal. Then, if w is the weight of unit volume of the 
fluid, the whole pressure on the area a is wha, and the vertical 
component of this pressure is seen to be wha cos 
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Znmgine now a vortical cylinder standing on this area, the top 
of which is in the surface AC. 

The horizontal sectional area of this cylinder is a cos 0, the 
volume is ha cos 0 and the weight of the water filling this volume 
is whaooaO^ and is, therefore, equal to the buoyancy on the 
area ab. 

If similar cylinders be imagined on all the little elements 
of area which make up the whols immersed surface, the total 
volume of these cylinders is the volume of the water displaced, 
and the total buoyancy is, therefore, the weight of this displaced 
water. 


If the body is wholly immersed as in Pig. 20 and the 
body is supposed to be made up of small 
vertical cylinders intersecting the surface of 
the body in the elements of area al and 
which are inclined to the horizontal at angles 
0 and <f> and having areas a and oi respectively, 
the vertical component of the pressure on ah 
will be wha cos 0 and on aV will be whiCh. cos 
But acoaO must equal aiCoa<l>, each being Fig. 20. 

equal to the horizontal section of the small cylinder. The whole 
buoyancy is therefore 

^wha cos 9 ^ %whicui cos 



and is again equal to the weight of the water displaced. 

In this case if the fluid be assumed to be of constant density 
and the weight of the body as equal to the weight of the fluid 
of the same volume, the body will float at any df'pth. The modern 
submarine, when below the water, is an example of such a body. 
Tanks can be flooded to sink the boat and emptied by pumps to 
allow the boat to come to the surface. The vortical motion can 
also be assisted, as tho boat moves forward, by hydroplanes fixed 
to the boat and the inclination of which to tho honzontal is under 
control. If W is the weight of the water displaced and Wi the 
weight of the boat at any instant, then assuming the velocities are 
small the vertical acceleration due to the diifcvence in weight is 

/= ^ ^ 

20. Centro of buoyancy. 

Since the buoyancy on any element of area is the weight of 
the vertical cylinder of tho fluid above this area, and that the 
whole buoyancy is the sum of the weights of all these cylinders, it 
at once follows, that the resultant of the buoyancy forces must 
pass through the centre of gravity of the^ water disjpl^e^, and this 
point is, therefore, called %e j g en^e^f Jjupy^ 
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21. Condition of stability of equilibrimn. 

Let AND, Fig. 21, be the Beotion made by a vortical plane 
containing G the centre of gravity and B the centre of buoyancy 
of a floating vessel, AD being the surface of the fluid when the 
centre of gravity and centre of buoyancy are in the same vertical 
line. 



Let the vessel be heeled over about a horizonal axis, FE being 
now the fluid surface, and lot Bi bo the new centre of buoyancy, 
the above vertical sectional piano being taken to contain G, B, 
and Bi, Draw BiM, the vertical through Bi, intersecting the line 
OB in M. Then, if M is above G the couple W . x will tend to 
restore the ship to its original position of equilibrium, but if M is 
below G, as in Fig. 22, the couple will tend to cause a further 
displacement, and the sliip will either topple over, or will heel over 
into a new position of equilibrium. 

In designing ships it is necessary that, for even large displace- 
ments such as may be caused by the rolling of the vessel, the 
point M shall be above G. To dotennine M, it is necessary to 
determine G and the centres of buoyancy for the two positions 
of the floating body. This in many cases is a long and somewhat 
tedious operation. 


22. Small dlsplacementB. Metaoentre. 

When the angular displacement is small the point M is called 
the Metacentre, and the distance of M from G can bo calculated. 

Assume the angular displacement in Fig. 21 to be small and 
equal to 0. 

Then, since the volume displacement is constant the volume of 
the wedge GDE must equal CAF^ or in Fig. 23, CiCaDE must equal 



FLOATING BODIES 


25 


Let 0*1 and Q-a be the centres of gravity of the wedges CiCiAP 
and CiCaDB respectively. 

A 



dif I) 


Fig. 23. 

The heeling of the ship has the effect of moving a mass of 
water equal to either of these wedges from Gi to Gra, and this 
movement causes the centre of gravity of the whole water 
displaced to move from B to Bi. 

Let Z be the horizontal distance between Gi and G*a, when FB 
is horizontal, and S the perpendicular distance from B to BjM. 

Lot V be the total volume displacement, v tlio volume of the 
wedge and w the weight of unit volume of the fluid. 

Tlien ta . t; . Z = ta . V . S 

- tc . y . BM . sin 

Or, since 0 is small, = w . V . BM .fi (1). 

The restoring couple is 

Ta,V.nG=ia,y.GM.e 


= ta.y.(BM-BG)fl 

=w.v .Z-w.y .BGr.fi (2). 

But ta , V . Z = twice the sum of the moments about the axis 
CjCi, of all the elements such as aedb wliich make up the wedge 
aOiDB. 

Taking ah as a, hf is fcfi, and if oc is dl, the volume of the 
element is la^fi . dl. 

The centre of gravity of the element is at from OiOa. 

/L 77 

Therefore w.v.Z = 2wfi j —g— (3). 

But, -g- is the Second Moment or Moment of Inertia of the 

rXj JT 

element of area aeeh about O 2 O 1 , and 2 / ~ is, therefore, the 

Moment of Inertia I of the water-plane area ACiDCi about CiGt. 
Therefore w.v.Z^w.1.6 (4). 


to . V . Z = 2w9 
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The restoring couple is then 

wIff-w.V.BG.ff. 

I£ this is positire, tiie equilibrium is stable, but if negative it is 
unstable. 

Again since from (1) 

tov.Z = ub.Y. BM . 6, 
therefore v>.Y .JiM..0 = wl0f 

and = ^ (6). 

If BM is greater than BG- the equilibrium is stable, if less than 
BG it is unstable, and the body will heel over until a new position 
of equilibrium is reached. If BG is equal to BM the equilibrium 
is said to be neutral. 

The distance GM is called the Metacentric Height, and varies 
in various classes of ships from a small negative value to a positive 
value of 4 or 5 foot. 

When the metacentric height is negative the ship heels until 
it finds a position of stable equilibrium. This heeling can be 
corrected by ballasting. 

Example. A ship has a displaoement of 15,400 tons, and a draTie:ht of 27*5 feet. 
The height of the centre of buoyancy from the bottom of the keel is 16 feet. 

The moment of inertia of the horizontal seotion of the ship at the water line 
is 9,400,000 feet^ units. 

determine the position of the centre of gravity that the metacentric height shall 
not be less than 4 feet in sea water. 

9^400,0^ xM 
^^"15,400x2240 
sl7'l feet. 

Height of metacentre from the bottom of the keel is, therefore, 82*1 feet. 

As long as the centre of gravity is not higher than 0*6 feet above the surface of 
the water, the metacentric height is more than 4 feet. 

23. Stability of a rectangular pontoon. 

Let RPJS, Fig. 24, be tbe section of the pontoon and G its 
centre of gravity. 

Let VE be the surface of the water when the sides of the 
pontoon are vertical, and AL the surface of the water when the 
pontoon is given an angle of heel 0. 

Then, since the weight of water displaced equals the weight of 
the pontoon, the area is equal to the area VFJB. 

Let B be the centre of buoyancy for the vertical position, 
B being the centre of area of VFJB, and Bi the centre of buoyancy 
for the new position, Bi* being the centre of area of AFJL. Then 
the line joining BG must be perpendicular to the surface VB and 

* In the Fig., is not the centre of area of AFJL, as, for the sake of clearness, 
it is farther removed from B than it actually should ba 
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IB the direction in which the buoyancy force acts when the sides 
of the pontoon are yerticab and BiM perpendicular to AL is the 
direction in which the buoyancy force acts when the pontoon is 
heeled oyer through the angle 0^ M is the metacentre. 



The forces acting on the pontoon in its new position are, W the 
weight of the pontoon acting vertically through G and an equal and 
parallel buoyancy force W through Bi. 

There is, therefore, a couple, W.IIG, tending to restore the 
pontoon to its vortical position. 

If the line BiH were to the right of the vertical through 6, or 
in other words the point M was below G, the pontoon would be in 
unstable equilibrium. 

The new centre of buoyancy Bi can bo found in several ways. 
The following is probably the simplest. 

The figure ArJL is formed by moving the triangle, or really 
the wedge-shaped piece OBL to OVA, and therefore it may be 
imagined that a volume of water equal to the volume of this wedge 
is moved from G* to Gi. This will cause the centre of* buoyancy 
to move parallel to GiGt to a new position Bi, such that 

BBi X weight of pontoon = GiGa x weight of water in OEL. 

Let b be half the breadth of the pontoon, 

2 the length, 

D the depth of displacement for the upright position, 
d the length LB, or AY, 
and io the weight of a cubic foot of water. 

Then, the weight of tho pontoon 

W = 26 . D . 2 . w 

bd 

and the weight of the wedge CLE = ^ ^ I, v>. 
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Hierefore 


BBi.26.D = 


GKG..6.<2 


and 

Besolying BBi and GiGt, winch are parallel to each other, along 
and perpendicular to BM respectively. 


B.Q = ^G.K=^ 


l3^V“8D" 


hd V tan 6 


j -n-n -nrfc hd d cP 5*tan*fl 

and B,P = B,Q • = 8D ^ = W) = '^WT- 

To find the distance of the point Mfrom G and the value of the 
restoring couple. Since BiM is perpendicular to AL and BM to 
VE^ the angle BMBi equals 0. 

Therefore QM = BiQ cot ^ ^ cot = ^ . 

Lot 2 be the distance of the centre of gravity G- from 0. 

Then QG = Q0-2 = B0-BQ-« 

D 6* tan^ 0 _ 

“ 2 ■ CD *• 

Therefore 

mkjT r»n/r nn ® j. 

GM-QM-QG = g5-2 +— gjj- +s. 

And since HG = G M ain 0, 

the righting couple, 

Tir TT/-I TIT- • /I / D . 6’ tan* 0 ^ 

W.HO = Wsratf - 2 +-^- + sj. 

The distance of the metacentre from tho point B, is 

QM + QB = BiQ cot 

V 6*tan*ff 
“3D 6D * 

When B is small, the term containing tan® 5 is negligible, and 

BM-ro- 

This result can be obtained from formula (4) given in 
section 22. 

I for the rectangle is (25)* =* and V = 2tDZ. 

rm r 


Therefore iJM = gjg. .1 

If BG is known, the metocentric height can now be fonnd. 


BM = : 
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Example. A pontoon has a displacement of 200 tons. Its length is 50 feet. 
The centre of gravity is 1 foot above the centre of area of the cross section. Find 
the breadth and depth of the pontoon so that for an angular displacement of 10 degrees 
the metacentre shall not be less than 8 feet from the centre of gravitv. and the free- 
board shall not be less than 2 feet. o /» 

Beferring to Fig. 24, O is the centre of gravity of the pontoon and 0 is the 
centre of the cross section BJ. 

Then, GO=:lfoot, 

Fo=:2 feet, 

GMsSfeet. 

Let D be the depth of displacement. Then 

D X 25 X 62*4 x 50 lbs.s200 tons x 2240 lbs. 

Therefore (1). 

The height of the centre of buoyancy B above the bottom of pontoon le 

BT=JD. 

Since the free-board is to be 2 feet, 


Then 

Therefore 

But 


OT=4(D+2). 
BO=r and BG=2". 
BM=d-. 
BM=QM+BQ 


^ 6® tan* 0 

‘8D"*'~6ir 


( 2 ). 

Multiplying numerator and denominator by 6, and substituting from equation (1) 

5* ,6*tan*d „ 

? + ■ * o , 


from which 

therefore 

and 


214-6 429 

5»(2-K*17C)*)=5x429, 
5-rlO l ft., 
D=71 ft., 
The breadth Bs 20*2 ft. 
,, depth 


5=20*2 ft. I 
= 7*1 ft.| 


Am. 


24. Stability of a floating vessel containing water. 


If a vessel coiitn,inB water with a free surface, as for instance 
the compartments of a floating dock, such as is described on page 
31, the surface of the water in those compartments will remain 
horizontal as the vessel heels over, and the centre of gravity of 
the water in any compartment will change its position in such 
a way as to increase the angular displacement of the vessel. 

In considering the stability 
of such vessels, therefore, the 
turning moments due to the 
water in the vessel must bo 
taken into account. 

As a simple case consider 
the rectangular vessel, Fig. 25, 
which, when its axis is vertical, 
floats with the plane AB in the 



Fig. 25. 
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snrfiace of the fluid, DE being the surface of the fluid in the 
vessel. 

When the vessel is heeled through an angle the surfoce of 
fluid in the vessel is EH. 

The effect has been, therefore, to move the wedge of fluid OEH 
to ODE, and the turning couple due to this movement is w.v.Z, 
V being the volume of either wedge and Z the distance between 
the centre of gravity of the wedges. 

If 2h is the width of the vessel and I its length, « is ^ Z tan 

If Z* is small wvZ is equal to told, I being the moment of inertia 
of the water surface EH about an axis through O, as shown in 
section 22. 

For the same width and length of water surface in the 
compartment, the turning couple is the same wherever the 
compartment is situated, for the centre of gravity of the wedge 
OHE, Fig. 2C, is moved by the same amount in all cases. 

If, therefore, there are free fluid surfaces in the floating vessel, 
for any small angle of lieol d, the tippling-moment due to these 
surfaces is Swid, I being in all cases the moment of inertia of the 
fluid surface about its own axis of oscillation, or the axis through 
the centre of gravity of the surface. 



26. Stability of a floating body wholly inunersed. 

It has already been shown that a floating body wholly im> 
mersed in a fluid, as far as vertical motions are concerned, can 
only with great difliculty be maintained in equilibrium. 

If further the body is made to roll through a small angle, the 
equiUbrium will be unstable unless the centre of gravity of the 
body is below the centre of buoyancy. This will be seen at once 
on reference to Fig. 27. Since the body is wholly immersed the 
centre of buoyancy cannot change its position on the body itself, 
as however it rolls the centre of buoyancy must be the centre of 
gravity of the displaced water, and this is not altered in form by 
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any movement of the body. therefore, Q is above B and the 
body be given a small angular displacement to the right say, Q- 
will move to the right relative to B and the couple will not restore 
the body to its position of equilibrium. 

On the other hand, if G is below B, the couple will act so as to 
bring the body to its position of equilibrium. 

26. Floating docks. * 

Figs. 28 and 29 show a diagrammatio outline of the pontoons 
forming a floating dock, and in the section is diown the outline of 
a ship on the dock. 




To dock a ship, the dock is sunk to a sufScient depth by 
admitting water into compartments formed in the pontoons, and the 
ship is brought into position over the centre of the dock. 

Water is then pumped from the pontoon chambers, and the 
dock in consequence rises until the ship just rests on the keel 
blocks of the dock. As more water is pumped from the pontoons 
the dock rises with the ship, which may thus be lifted dear of 
the water. 

' Let Gi be the centre of gravity of the ship, G* of the dock and its 
water ballast and G the centre of gravity of the dock and the 
thip. 

The position of the centre of gravity of the dock will vary 
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relative to the bottom of the dock^ as water is pumped from the 
pontbons. 

As the dock is raised care must be taken that the metacentre 
is above Gt or the dock will *‘list.” 

Suppose the ship and dock are rising and that WL is the 
water line. 

Let Ba be the centre of buoyancy of the dock and Bi of the 
portion of the ship still below the water line. 

Then if Vi and Va are the volume displacements below 
the water line of the ship and dock respectively^ the centre of 
buoyancy B of the whole water displaced divides B3ii so that 

BBi_Yt 

BBa’Vi* 


The centre of gravity 0- of the dock and the ship divides G^Ga 
in the inverse ratios of their weights. 

As the dock rises the centre of gravity G of the dock and the 
ship must be on the vortical through B, and water must be 
pumped from the pontoons so as to fulfil this condition and as 
nearly as possible to keep the deck of the dock horizontal. 

The centre of gravity Gi of the ship is fixed, while the centre of 
buoyancy of the ship Bi changes its position as the ship is raised. 

The centre of buoyancy Ba of the dock will also be changing, 
but as the submerged part of the dock is symmetrical about its 
centre lines, Ba will only move vertically. As stated above, B 
must always lie on the line joining Bi and Ba, and as G is to be 
vertically above B, the centre of gravity Ga and the weight of 
the i>ontoon must be altered by taking water from the various 
compartments in such a way as to fulfil this condition. 

Quantity of water to he pvmped from the pontoons in raising the 
dock. Let V be the volume displacement of the dock in its lowest 
position, Vo the volume displacement in its highest position. To 
raise the dock without a ship in it the volume of the water to be 
pumped from the pontoons is V- Vo. 

If, when the dock is in its highest position, a weight W is put 
on to the dock, the dock will sink, and a further volume of water 


W 

— cubic feet will be required to be taken from the pontoons to 

raise the dock again to its highest position. 

To raise the dock, therefore, and the ship, a total quantity of 


water 


~+v-v. 

w 


cuMo feet will liare to be taken from the pontoona 
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ExampU* A floAting dooV as abown dimensioued in Fig. 28 is made up of a 
bottom pontoon 540 feet long x 9G feet wide x 14*75 feet deep, two side pontoons 
380 feet long x 18 feet wide x 48 feet deep, the bottom of these pontoons being 
2 feet above the bottom of tlie dock, and two side chambers on the top of the 
bottom pontoon 447 feet long by 8 feet deep and 2 feet wide at the top and 8 feet at 
the bottom. The keel blocks may be taken as 4 feet deep. 

The dock is to lift a ship of 15,400 tons displacement and 27' 6" draught. 

Determine the amount of water that must be pumped from the dock, to raise 
the ship so that the deck of the lowest pontoon is in the water surface. 

When the ship just tidies to the keel blocks on the dock, the bottom of the 
dock is 27'5'-|-14*75' + 4's46*25 feet below the water line. 

The volume displacement of the dock is then 

14*75 X 540 X 96 + 2 X 41*25 x 13 x 380+447 x 8 x 5' =1:1,219,700 cubic feet. 

The volume of dock displacement when the deck is jnst awash is 

540 X 96 X 14*75 + 2 x 380 x 13' x (14*75 - 2) == 890,600 cubic feet. 

The volume displacement of the ship is 

15.400x2240 ™ aaa v 
— - — =539,000 cubic feet, 

and this equals the weight of the ship in cubic feet of water. 

Of the 890,600 cubic feet displacement when the ship is clear of the water, 
351,600 cubic feet is therefore required to support the dock alone. 

Simply to raise the dock through 31*5 feet the amount of water to be pumped is 
the difference of the displacements, and is, therefore, 329,100 cubic feet. 

To raise the ship with the dock an additional 539,000 cubic feet must be 
extracted from the pontoons. 

The total quantity, therefore, to be taken from the pontoons from the time the 
ship takes to the k^ blocks to when the pontoon deck is in the surface of the 
water is 

668,100 cubic feet =24,824 tons. 

27 . stability of the floatisg dock. 

As some of the compartments of the dock are partially filled 
with water, it is necessary, in considering the stability, to take 
account of tlie tippling-moments caused by the movement of the 
free surface of the water in those compartments. 

If G is the centre of gravity of the dock and ship on the 
dock, B the centre of buoyancy, I the moment of inertia of the 
section of the ship and dock by the water-plane about the axis of 
oscillation, and Ii, Is etc. the moments of inertia of the water 
surfaces in the compartments about their axes of oscillation, the 
righting moment when the dock receives a small anglo of 
heel ^ is 

’ wW-w(V, + V.)Ba<?-wfl (I, + 1, +...). 

The moment of inertia of tho wator^plane section varies 
considerably as the dock is raised, and the stability varies 
accordingly. 

When the ship is immersed in the water, I is equal to the 
moment of inertia of the horizontal section of the ship at the 
water sui&oe, together with the moment of inertia of the 
horizontal section of the side pontoons, about the axis of 
oscillation O. 


L. u. 


S 
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When thi^ tope of the keel blooka are just abore the sarfoce 
of the water, the water«plaiie is only that of the side pontoons, 
and I has its minimum value. If the dock is L-^ped as in 
Fig. 80 , which is a very convenient form 
for some purposes, the stability when 
the tops of the keel blocks come to the 
surface simply depends upon the moment 
of inertia of the area AB about an axis 
through the centre of AB. This critical 
point can, however, be eliminated by 
fitting an air box, shown dotted, on the 
outer end of the bottom iiontoon, the 



Fig. 30. 


top of which is slightly higher than the top of the keel blocks. 


Example* To find the height of the metaoentre above the centre of bnoyaney of 
the dock of Fig. 28 when 

the ship just takes to the keel blocks, 

(b) the keel is just clear of the water, 

(e) the pontoon deck is just above the water. 

Take the moment of inertia of the horizontal section of the ship at the 
water line as 9,400,000 ft * units, and assume that the ship is symmetrlcaJly 
placed on the dock, and that the dock dock is horizontal. The horizontal distance 
between the centres of the side tanks is 111 ft. 

(a) Total moment of inertia of the hoiizontid section Is 

9, 400,000 + 2 (380 x 18' x 66 -I- x 380 x 13^) s 9,400,000 + 30,430,000 + 189, 000. 

The volume of displacement 

-639,000+1.219,700 oubio feet. 

The height of the metaoentre above the centre of buoyancy is therefore 


BM^ 


39,969,000 


s 22’7 feet. 


1,768,700 

When the keel is just clear of the water the moment of inertia is 
30,669,000. 

The volume displacement is 

640 X 96 X 14-76 880 x 2 x 18 x (14-76 +4 - 2) 

B 980,000 cubic feet. 


Therefore BM sb 82-8 feei 


(e) When the pontoon deck is just above the surface of the water, 
1»80,669,000+^ X 640' x 96* 

70,269,000. 

The volume displacement is 890^600 cubic feet. 

Therefore BMsb 79*6 feet. 

The hei^t of the centre of buoyanoy above the bottom of the dock ean be 
determined by fining the centre of buoyancy of each of the parts of the dock, and 
of the ship if it is in the water, and then talong moments about any axis. 

For example. To find the height h of the centre of buoyancy of the dock 
the ship, when the ship just comes on the keel blocks. 

The centre of buoyanoy for the i^p is at 16 feet above the bottom of the keel 

The centre of buoyancy of the bottom pontoon is at 7*876' from the bottom. 

If If »> side pontoons „ 24-126' „ „ 

•• tf If i» ft chambers 17*04' „ .. 
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TaUng momeais aboat the bottom of the doek 

h (640,000+497.000 ^ 765,000+ 85,760) 

•640.000 X 38-76+ 766.000 x 7*376 
+4S7.000 X 24*126 + 86.760 x 17*05, 
therefore ha 19*7 feet 

Bor oMe (a) the metaoentre ia. therefore. 40*8' above the bottom of the doek« If 
now the oentie of gravity of the dock and ship ia known the inetaoeulrie height 
can be found. 


EXAMPLES. 

(1) A Bliip when fally loaded has a total burden of 10,000 tons. Find 
the volume displacemont in sea water. 

(2) The sides of a ship aro vortical near the water lino and tlio area of 
the horizontal section at the waior lino is 22,000 sq. feet. The total weight 
of the ship is 10.000 tons whon it leaves tlie river dock. 

Find the difference in draught in the dock and at sea after the weight 
of the ship has boon reduced by consumption of coal, etc., by 1600 tons. 

Let 0 bo tho difforonoe in draught. 

Then d x 22.000 the difforeuce in volume displacemont 
3 0,000 X 2240 8500 x 2‘2 10 
62*43 " 64 

=61300 cubic foot. 

Tlicroforo 0 ~ 2*78 feet. 

(8) The moment of inortia of the section at tho wator line of a boat 
is 1200 foot* units ; the weight of the boat is 11*6 tons. 

Determine the height of tho metaoentre above the centre of buoyancy. 

(4) A ship has a total displacement of 16,000 tons and a draught of 

27 foet. ^ 

When the ship is lifted by a floating dock so that tho dopth of the bottom 
of the keel is 16*6 foet, the centre of buoyancy is 10 foet from the bottom of 
the keel and the displacement is 9000 tons. 

The moment of inortia of the water-plane is 7,600,000 foot* units. 

The horizontal section of the dock, at tho plane 16*6 feet above the 
bottom of the keel, consists of two rectangles 880 feet x 11 foot, the distance 
apart of the centre linos of tho rectangles being 114 feet. 

The volume displacement of the dock at this level is 1,244,000 cubic feet. 

The centre of buoyancy for the dock alone is 24*76 feet below tho siuikoe 
of the water. 

Determine (a) Tho oontro of buoyancy for the whole ship and the dock. 

(5) The hpig^t of the metaoentre above the centre of buoyancy. 

(6) A rectangular pontoon CO foot long is to have a displacement of 
220 tons, a free*boaj?d of npt less than 8 feet, and the motacentre is not to 
be less than 8 foet above the centre of gravity when the of heel 
ia 16 degrees. The centre of gravity coincides with the centre of figure. 

Find the width SAd depth of the pontoon. 


8—2 
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(6) A rectangular pontoon 24 feet wide, 50 feet long and 14 feet deep, 
has a displacement of 160 tons. 

A vertical diaphragm divides the pontoon longitudinally into two 
compartments each 12 feet wide and 50 feet long. In the lower part 
of each of these compartments there is water ballast, the surface of the 
water being free to move. 

Determine the position of the centre of gravity of the pontoon that it 
may be stable for small displacements. 

(7) Define “metacentric height” and show how to obtain it graphically 
or otherwise. A ship of 16,000 tons displacement is 600 feet long, 60 feet 
beam, and 26 feet drau^t. A coefficient of ^ may be tahen in the moment 
of inertia tmn instead of ^ to allow for the water-line section not being 
a rectangle. ?he depth of the centre of buoyancy from the water line is 
10 feet. Find the height of the motacentre above the water and 
determine the position of tlie centre of gravity to give a metacentric height 
of 18 inches. [LoncL Un. 1906.] 

(8) The total weight of a fully loaded ship is 5000 tons, the water line 
encloses an area of 9000 square feet, and the sides of the ship are vertical 
at the water line. The ship was loaded in fresh water. Find the change 
in the depth of immersion after the ship has been sufficiently long at sea to 
bum 500 tons of coal. 

Weight of 1 cubic foot of fresh water 62.^ lbs. 

Weight of 1 cubic foot of salt water 64 lbs. 
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FLUIDS IN MOTION. 

28. Steady motion. 

The motion of a fluid is said to be steady or permanent, when 
the particles which succeed each other at any point whatever 
have the same density and velocity, and are subjected to the same 
pressure. 

In practice it is probably very seldom that such a condition of 
flow is absolutely realised, as even in the case of the water flowing 
steadily along a pipe or channel, except at very low velocities, the 
velocities of succeeding particles of water which arrive at any 
point in the channel, are, as \TiIl be diown later, not the same 
either in magnitude or direction. 

For practical purposes, howorer, it is convenient to assume 
that if the rate at which a fluid is passing through any finite area 
is constant, then at all points in the area the motion is steady. 

For example, if a section of a stream bo taken at right angles 
to the direction of flow of the stream, and the mean rate at which 
water flows through this section is constant, it is convenient 
to assume that at any point in the section, the velocity always 
remains constant both in magnitude and direction, although the 
velocity at different points may not be the same. 

Mean velocity. The mean velocity through the section, or the 
mean velocity of the stream, is equal to the quantity of flow per 
unit time divided by the area of tho section. 

29. Stream line motion. 

The particles of a fluid in motion are frequently regarded as 
flowing along definite paths, or in thread-like filaments, and when 
the motion is steady these filaments are supposed to be fixed in 
position. In a pipe or channel of constant section, the filaments 
are generally supposed to be parallel to the sides of the channel. 
It will be seen later that such an ideal condition of flow is only 
realised in very special cases, but an assumption of such flow if 
not abused is helpful in connection with hydraulic problems. 
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30. Definitions relating to flow of waters 

Presmre head. The pressure head at a point in a fluid at rest 
has been defined as the vertical distance of the point from the free 

surface of the fluid, and is equal to ^ , where p is the pressure per 

sq. foot and w is weight per cubic foot of 
the fluid. Similarly, tho pressure head at 
any point in a moving fluid at which tho 

pressure is p lbs. per sq. foot, is ® feet, 

and if a vertical tube, called a piezometer 
tube. Fig. 81, be inserted in the fluid, it 
will rise in the tube to a height A, wliicJi j 

equals the pressure head above the almo- j 

spheric pressure. If p is the pressure per c 

sq. foot, above tho atmospheric pressure, j 

but if p is the absolute pressure per 

^ . Fig. 31. 

sq. foot, and p^ the atmospheric pressure, 

w w 



Velocity head. If through a small area around the point B, 
the velocity of the fluid is v feet per second, the velocity head is 

tJ* 

^ , g being the accelei-ation due to gravity in feet per second per 


second. 

Position head. If the point B is at a height z feet above any 
convenient datum level, the position head of the fluid at B above 
the given datum is said to bo z feet. 


31. Energy per pound of water passing any section in 
a stream line. 

The total amount of work that can be obtained from every 
pound of water passing the point B, Fig. 81 > assuming it can fall to 
the datom level and that no energy is lost, is 

2 + ^ + z f t. lbs. 
w 2g 

Proof. Worh avcMbh due to pressure head. That the work 

which can be done by the pressure head per poimd is ® foot 

pounds can be shown as follows. 

Imagine a piston fitting into the end of a small tube of cross 
sectional area a, in which the pressure is h feet of water as in 
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Fig* 32^ and let a small quantitjr BQ cubic feet of water enter the 
tube and more the piston througb a small dis- 
tance Bo;. 

Then BQ^a.Boj. 

The work done on the piston as it enters 
will be 

te.7i.a,B(s=t0.MQ. 

But the weight of BQ cubic feet is u) • BQ pounds, 
and the work done per i)ound is, therefore, A, or ^ foot pounds. 

A pressure head K is therefore equivalent to h foot pounds of 
energy per pound of water. 

Work availahle dvs to velocity. When a body falls through 
a height h feet, the work done on the body by gravity is h foot 
pounds por pound. It is shown in books on mechanics that if the 
body is allowed to fall freely, that is without resistance, the 
velocity the body acquires in feet por second is 

slight 



Fig. 82 . 


OP 




And since no resistance-is offered to the motion, the whole of 
the work done on the body has been utilised in giving kinetic 

energy to it, and therefore the kinetic energy per pound is ^ft. lbs. 

In the case of the fluid moving with velocity u, an amount of 

energy equal to ^ foot pounds per pound is therefore available 

before the velocity is destroyed. 

Work availahle due to position. If a weight of one pound 
falls through the height z the work done on it by gravity will be 
z foot pounds, and, therefore, if the fluid is at a height z feet above 
any datum, as for example, water at a given height above the 
soa level, the available energy on allowing the fluid to fall to 
the datum level is z foot pounds por pound. 


82. Bern oulli’s ^eorem. 


In a steady moving stream of an incompressible fluid in which 
the particles of fluid are moving in stream lines, and there is no 
loss by friction or other causes 


w 


t. 

2? 


•^z i. 


is constant for all sections of the stream. Tins is a most important 
theorem and should be carefully studied by the reader* 
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It has been shown in the last paragraph that this expression 
represents the total amount of energy per pound of water flowing 
through any section of a stream^ and sinoe^ between any two 
points in the stream no energy is lost, by the principle of the 
conservation of energy it can at once be inferred that this 
expression must be constant for all sections of a steady flowing 
stream. A more general proof is as follows. 

Let DE, Eig. 33, be the path of a particle of the fluid. 



Imagine a small tube to be surrounding DE, and let the flow 
in this be steady, and let the sectional area of the tube be so small 
that the velocity through any section normal to DE is uniform. 

Then the amount of fluid that flows in at D through the area 
AB equals the amount that flows out at E through the area CF. 

liet Pd and Vs, and pz and ve be the pressures and velocities at 
D and E respectively, and A and a the corresponding areas of the 
tube. 

Let z be the height of D above some datum and Zi the height 
of E. 

Thou, if a quantity of fluid ABAiBi equal to t)Q enters at D^ 
and a similar quantity CFCiFi leaves at E, in a time dt, the 
velocity at D is 


and the velocity at E is 


0Q 


The kinetic energy of the quantity of fluid dQ entering at D 


> «7 . dQ . 


2g> 
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and tbat of the liquid leaving at E 


= M 


ao ^ 


Since the flow in the tube is steady, the kinetic energy of the 
portion ABGF does not alter, and therefore the increase of the 
Idnetio energy of the quantity dQ 


The work done by gravity is the same as if ABBiAi fell to 
CFFiGi and therefore equals 

w.dQ (z-zi). 

The total pressure on the area AB is Pd . A, and the work done 
at D in time dt 

^PiiA.Vndt-PTi'dQ^, 

and the work done by the pressure at E in time H 
= — Pe = - Pb 

But the gain of kinetic energy must equal the work done, and 
therefore 

• (vb” - V) = w<)Q (2-21) +Pd (^Q-Pb^Q. 


From which 


Hil 

2g 2g 



w 


« 


or ^ + — + 2 i = + 2 - constant. 

2g w 2g w 

From this theorem it is seen that, if at points in a steady 
moving stream, a vertical ordinate equal to the velocity head plus 
the pressure head is erected, the upper extremities of these 
ordinates will be in the same horizontal plane, at a height H 

equal to — + + 2 above the datum level. 

^ w 2g 

Mr Froude* has given some very beautiful experimental illus- 
trations of this theorem. 

In Fig. 84 water is taken from a tank or reservoir in which 
the water is maintained at a constant level by an inflowing 
stream, through a pipe of variable diameter fitted with tubes 
at various points. Since the pipe is short it may bo supposed to 
be frictionless. If the end of the pipe is closed the water will rise 
in all the tubes to the same level as the water in the reservoir, but 
if the 'end 0 is opened, water will flow through the pipe and the 
water surfaces in the tubes will be found to be at different levels. 


* BritijBh Assoo. Beport 1875. 
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The qtuMiiitiy' of water flowing per second through the pipe can be 
measured^ and the velocities at A, B, and 0 can be found by 
dividing tklfl quantity by the cross-sectional areas of the pipe at 
these points. 



If to the head of water in the tubes at A and B the ordinates 

^ and ^ be added respectively, tbo upper extremities of these 

ordinates will be practically on the same level and nearly levd 
with the surface of the water in the reservoir, the small difference 
being due to frictional and other losses of energy. 

At C the pressure is equal to the atmospheric pressure, and 
neglecting friction in the pipe, the whole of the work done by 
gravity on any water leaving the pipe while it falls from the 
snr&ce of the water in the reservoir through the height H, which 
is H ft. lbs. per pound, is utilised in giving velocity of motion to 
the water, and, as will be seen later, in setting up internal motions. 

Neglecting these resistances, 


Dae to the neglected losses, the actual velocity measured will be 
less than Vo as calculated from this equation. 

If at any point D in the pipe, the sectional area is loss than the 
area at 0, the velocity will bo greater than Vc, and the pressure 
will be less than the atmospheric pressure. 

If o is the velocity at any section of the pipe, which is supposed 
to be horixontal, the absolute pressure head at that section is 

£ = 2i + H-— = «1 

w io 2g uo 2g 2g^ 

pa being the atmospheric pressure at the surface of the water in 
the reservoir. 

At D the velocity vb is greater than Vq and therefore pi> is less 



IXtriDB IK HOnOK 48 

than Pa. H coloured water be put into the vessel E, it will rise in 
the tube DE to a height 

11 -E«_£2-?o*_?c 
w ~ 2g 2g‘ 

If the area at &e section is so small, that p becomes negative, the 
6nid will be in tension, and discontinuity of flow will take place. 

If the fluid u water which has been exposed to the atmosphere 
and which consequently contains gases in solution, these gases 
will escape from the water if the pressure becomes less than the 
tension of the dissolved gases, and there will be discontinuity even 
before the pressure becomes zero. 

Figs. 35 and 36 show two of Fruude’s illustrations of the 
thcorum. 



Fig. 85. 


Fig. SG. 


A.t the section B, Fig. 36, the pressure head is Hb and the 
velocity head is 

2g 

If a is the section of the pipe at A, and a, at E, since there 
is continuity of flow, 

Vx • a ~ • ®i> 




If now a is made so that 


the pressure head hx becomes equal to the atmospheric pressure, 
and the pipe can be divided at A, as shown in the figure. 

Professor Osborne Beynolds devised an interesting experiment, 
to show that when the velocity is high, the pressure is smalL 
He allowed water to flow through a tube } inch diameter 
under a high pressure, the tube being diminished at one section to 
0*05 inch diameter. 
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At this diminished section, the velocity was very high and the 
pressure fell so low that the water boiled and made a hissing 
noise. 


33. Venturi meter. 

An application of Bernoulli’s theorem is found in the Venturi 
meter, as invented by Mr Clemens Herschel*. The meter takes 
its name from an ItaUan philosopher who in the last decade of the 
18fch century made experiments upon the flow of water through 
conical pipes. In its usual form the Venturi meter consists of two 
truncated conical pipes connected together by a short cylindrical 
pipe called the" throat, as shown in Pigs. 37 and 38. The motor is 
inserted horizontally in a lino of piping, the diameter of the large 
ends of the frustra being equal to that of the pipe. 

Piezometer tubes or other pressure gauges are connectod to 
the throat and to one or both of the large ends of the cones. 

Let a be the area of the throat. 

Let ai be the area of the pipe or the large end of the cone 
at A. 

Let ua be tho area of the pipe or the large end of the cone 
at C. 

Let p be the pressure head at the throat. 

Let pi bo tho pressure head at the up-stream gauge A. 

Let Pa bo tho pressure head at the down-stream gauge C. 

Let H and Hi be the differences of pressure head at the throat 
and large onds A and C of the cone respectively, or 


n=£i-?, 

W W 


and 


W W 


Let Q bo the flow through the motor in cubic feet per sec. 

Let V be the velocity through the throat. 

Let Vi be the velocity at the up-stream large end of cone A. 
Let t’a be the velocity at the down-stream large end of cone C. 
Then, assuming Bemouilli’s theorem, and neglecting friction, 


2g w 2g w 2g* 


w 


and 






2g 


If i?a is equal to t^i, pa is theoretically equal to pi, but there is 
always in practice a slight loss of head in tho motor, the differonco 

being equal to this loss of head. 


Transacticru Am,S,C.E., 1887. 
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Dae to friciion, and- eddy motions that may be set np in the 
meter, the discharge is slightly less than this theoretical vidne, or 



being a coefficient which has to be determined by experiment. 
For meters having a throat diameter not less than 2 inches and for 
pipe line velocitieB not less than 1 foot per second a value of 0*985 
for k will probably give discharges within an error of from 2 to 2*5 
per cent. For smaller meters and lower velocities the error may 
be considerable and special calibrations are desirable. 

For a metQr having a diameter of 25'5 inches at the throat and 
54 inches at the large end of the cone, Herschel found the 
following values for k, given in Table UT, so that the coefficient 
varies but little for a large variation of H. 

TABLE HI. 


Ilorsonel 

Coker 

Hfeet 

k 

Discharge 
in ou. ft. 

k 

1 

•995 

•0418 

•9494 

2 

•992 

•0319 

•9687 

6 

•985 

•0264 

•9572 

12 

•9785 

•0185 

•9920 

18 

•977 1 

•0096 

.1-2021 

28 

•970 

•0084 

1-3688 


Professor Coker t, from careful experiments on an exceedingly 
well designed small Yenturi meter, Fig. 88, the area of the throat 
of which was *014411 sq. feei^ found that for small flows the 
coefficient was very variable as shown in Table 111. 

These results riiow, as pointed out by Professor Coker from on 
analysiB of his own and Herschel’s experiments on meters of 
various sizes, that in large Yenturi meters, the discharge is very 
approximately proportional to the square root of the head, but for 
small meters it only follows this law for high heads. 

Emmie. A Venturi meter having a diameter at the throat of 86 inches Is 
inserted m a 9 foot diameter pipe. 

The pressure head at the tiiroat gauge is 20 feet of water and at the pipe gauge 
is 96 feet. 

* See paper by Gibson, Proe. Inet, O.E. Vol. exon, 
t Oanadian Society of Civil Engineers, 1902, 
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Find the disohatige, and the veloofiy of flow throuc^h tho throat. 
The area of the j^pe is 68*5 sq. fiset, 
tp &rout 7*05 ,« 

The diflerenoe In presBare bead at the two gangee is 6 feet, 
im. » * 63*5 X 7*06 j 


sl37 0 . ft. |>er second. 

The Tdooity of flow in the pipe is 2*15 ft. x>er sec. 

„ „ tbxoQgh the throat la 19*4 ft. per seo* 


34. Steering of canal boats. 

An interesting application of Bomonlli’H theorem is to shoiv 
the effect of speed and position on the steering of a canal boat. 

When a boat is moved at a high velocity along a narrow 
and shallow canal^ the boat tends to leave behind it a hollow 
which ^is filled by the water rushing past the boat as shown 
in Figs. 39 and 40, while immediately in front of the boat the 
impact of the bow on the still water causes an increase in the 
pressure and the water is “piled up” or is at a higher level than 
the still wator^ and what is called a bow wave is formed. 


Fjg. 39. Fig. 41. 



A 


Fig. 40. 


Xiet it be assumed that tho water moves past the boat in 
stream linos. 

If vertical sections aio taken at E and F, and the points E and 
P are on the same horizontal line, by Bernoulli’s theorem 

w 2g iiu 2g 

At B the water is practically at rest, and therefore is 
zero, and 

£5 = 2 ? +!!»* 
to to 2g 

The surface at E fnll therefore be higher than at F. 
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Wlien the boat is at the centre of the canal the stream lines on 
both sides of the boat will have the same velocityi but if the boat 
is nearer to one bank than the other^ as shown in the figurei^ the 
velocity vr of the stream lines between the boat and the nearer 
bank, Fig. 41, will be higher than the velocity Vr on the other 
side. Blit for each side of the boat 

£5 = 2?+ ??L - 

w w 2g ^ w 2g* 

And since is greater than the pressure head pp is 
greater than pn or in other words the surface of the water at 
the right side J) of the boat will be higher than on the left side B. 

The greater pressure on the right side D tends to push the 
boat towards the left bank A, and at high speeds considerably 
increases the difficulty of steering. 

This difficulty is diminished if the canal is made sufficiently 
deep, so that flow can readily tako place underneath the boat. 


35. Extension of Bernoulli’s theorem. 


In deducing this theorem it has been assumed that the fluid 
is a perfect fluid moving with steady motion and that thez*e are no 
losses of energy, by friction of the surfaces with which the fluid 
may be in contact, or by the relative motion of consecutive ele- 
ments of the fluid, or due to intomal motions of the fluid. 

In actual oases the valuo of 


p V* 

w 2g 

diminishes as the motion proceeds. 

If h/ is the loss of head, or loss of energy per pound of fluid, 
between any two given points A and B in the stream, then more 
generally 

^ + s-*+*A = ^ + 5- + eB + fcr (1). 

w 2g ^ w 2g ^ ^ ' 


EXAMPLES. 

(1) The diameter of the throat of a Venturi meter is | inch, and of 
the pipe to which it is connected inches. The discharge through the 
meter in 20 minutes was found to bo 814 gallons. 

The difference in pressure head at the two gauges was 49 feet. 
Determine the coefficient of discharge. 

(2) A Venturi meter has a diameter of 4 ft. in the large part and 
1*25 ft. in the throat. With water flowing through it, the pressure head is 
100 ft. in the large part and 97 ft, at the throat. Find the velodty in the 
small part and disoharge through the meter. Coefficient of meter 
taken as unity. 
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(3) A pipe ABy 100 ft long, has an indiaatlon of 1 in 5. The head dne 
to the presstxre at A is 45 ft, the velooity ie 8 ft-^por second, and the section 
dl the pipe is 8 sq. ft Find the head dne to the pressure at B, where the 
section is 1 sq. ft Take A as the lower end of the pipe. 

(4) The suction pipe at a pump is laid at an inoliuation of 1 in 5, and 
wato is pumped through it at 6 ft. per second. Suppose the gir in the 
water is disengaged if the pressure falls to more than 10 lbs. below 
atmospheric pressure. Then deduce the greatest practicable length of 
snoticm pipe. Friction neglected. 

(6) Water is delivered to an inward-flow turbine under a head of 100 feet 
(see Chapter IX). The pressure just outside the wheel is 25 lbs. per 
sq. inch by gauge. 

Find the velocity with which the water approaches the wheel. Friction 
neglected. 

(6) A short conical pipe varying in diameter from 4' O'' at the largo end 
to 2 feet at the small end forms part of a horizontal water main. The 
pressure head at the large end is found to bo 100 feet, and at the small end 
96*5 feet. 

Find the discharge through the pipe. GoofQcient of discharge unity. 

(7) Three cubic foct of water i>er second flow along a pipe which as it 
fails varies in diameter from 6 inches to 12 inches. In 50 feet the pipe 
falls 12 feet. Due to various causes there is a loss of head of 4 feet. 

Find (a) the loss of enorgy in foot pounds per minute, and in horse- 
power, and the difference in pressure head at the two poinis 50 feet apart. 

(Use equaiiou 1, section 85.) 

(8) A horizontal pipe in which the sections vary gradually has sections 
of 10 square feet, 1 square foot, and 10 square feet at sections A, B, and C. 
The pressure head at A is 100 feet, and the velocity 8 feet per second. 
Find the pressure head and velocity at B. 

Given that in another case the difference of the pressure heads at A 
and B is 2 feet. Find the velocity at A. 

(9) A Venturi meter in a water main consists of a pipe converging to 
the throat and enlarging again gradually. The section of main is 9 sq. ft. 
ami the area of throat 1 sq. ft. The difference of pressure in the main and 
at the throat is 12 feet of water. Find the discharge of the main per hour. 

(10) If the inlot area of a Venturi meter is n times the throat area, and 
V and p are the velocity and piessure at the throat, and the inlet pressure 
is show that — 

and show that if p and mp are observed, v can be found. 

(11) Two Boclions of a pipe have an area of 2 sq. ft. and 1 sq. ft. 
respectively. The centre of the first section is 10 feet higher than of 
the second. The pressure head at each of the sectiona is 20 feet. Find 
the energy lost per pound of flow between the two sections, when 10 o. ft 
of water per seo. flow from the higher to the lower section. 


L. u. 
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CHAPTER IV. 


FLOW OF WATSB TEBOUOH OlUFIOES A17D 
OVER WEIRS. 

36 . How of fluids through orifloes. 

The general theory of the discharge of fluids through orifloes, 
as for example the flow of steam and air, presents considerable 
difficulties, and is somewhat outside the scope of this treatise. 
Attention is, therefore, confined to the problem of determining the 
quantity of water which flows through a given orifice in a given 
time, and some of the phenomena connected therewith. 

In what follows, it is assumed that the density of the fluid is 
constant, the effect of small changes of temperature and pressure 
in altering the density being thus neglected. 

Consider a vessel. Fig. 42, filled with water, the free surface of 
which is maintained at a constant level; in the lower part of the 
vessel there is an orifice AB. 



Let it be assumed that although water flows into the vessel so 
as to maintain a constant head, the vessel is so large that at some 
surface CD, the velocity of flow is zero. 

Imagine the water in the vessel to be divided into a number of 
stream lines, and consider any stream line EF. 

Let the velocities at E and F bo Vs and Vr, the pressure beads 
hjt and hj, and the position heads above some datum, Zt and Zt, 
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Then^ applying Bemonlli’H tlieorem to tlie stream line EF, 


If i7]> is zerOi then 


Ah + ^ + «a = Ar + ^ 


^ — Af — Ah + 


But from the figure it is seen that 

Aj Ah + sf “• Hfl 


is equal to A, and therefore 



or Vh = J2gh. 

Since Ah is the pressure head at E, the water would rise in 
a tube having its end open at E, a height Ab, and A may thus 
be called — ^following Thomson — ^the fall of “free level for the 
point E,” 

At some section GK near to the orifice the stream lines are all 
practically normal to the section^ and the pressure head will be 
equal to the atmospheric pressure ; and if the orifice is small the fall 
of free level for all the stream lines is the distance of the centre 
of the section GK below the free surface of the water. If the 
orifice is circular and sharp-edged, as in Figs. 44 and 45, the section 
GK is at a distance, from the piano of the orifice, about equal to 
its radius. For small vortical orifices, and horizontal orific 
H may be taken as equal to the distance of the centre o^ 
orifice below the free surface. 

The theoretical velocity of flow through the small section GK 
is, therefore, the same for all the sticam lines, and equal to the 
velocity which a body mil acquire, in falling, in vacuum, 
through a height, equal to the depth of the centre of the orifice 
below the free surface of the water in the vessel. 

The above is Thomson’s proof of Torricolli’s theorem, which 
was discovered experimentally, by him, about 
the middle of the 17th century. 

The theorem is proved experimentally as 
follows. 

If the aperture is turned upwards, as in 
Fig. 48, it is found that the water rises 
nearly to the level of the water in the vessel, 
and it is inferred, that if the resistance of the 
air and of the orifice could bo eliminated, the 
jet would rise exactly to the level of the 
surface of the water in the vessel. 



Fig. 48. 
4— » 
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Other experiments described on pages 54-- 56^ also show that, 
with oaref ally const moted orifices, the mean velocity through the 
orifice differs from by a very small quantity, 

87. Ooefflcient of contraction for sharp-edged orifloe. 

If an orifice is cut in the flat side, or in the bottom of a vessel, 
and has a sharp edge, as shown in Figs. 44 and 45, the stream lines 
set up in the water approach the orifice in all directions, as shown 
in the figure, and the directions of flow of the particles of water, 
except very near the centre, are not normal to the plane of the 
orifice, but^thoy converge, producing a contraction of the jeh 



At a small distance from the orifice the stream lines become 
practically parallel, but the cross sectional area of tlie jet is 
considerably less than the area of the orifice. 

If is the area of the jet at this section and a the area of the 

orifice the ratio - is called the coefficient of contraction and may 

be denoted by c. Weisbaoh states, that for a circular orifice, the 
jet has a minimum area at a distance from the orifice slightly less 
than the radius of the orifice, and defines the coefficient of 
contraction as this area divided by the area of the orifice. For a 
circular orifice he gives to c the value 0'64. Recent careful 
measurements of the sections of jets from horizontal and vertical 
sharp-edged circular and rectangular orifices, by Bazin, the 
results of some of which arc shown in Table IV, show, however, 
that the section of the jet diminishes continuously and in fact has 
no minimum value. Whether a minimum occurs for square orifices 
is doubtful. 

Tlie diminution in section for a greater distancp than that 
given by Weisbach is to be expected, for, as the jet moves away 
from the oiifice the centre of the jet falls, and the theoretical 
velocity becomes s/2g (H + y being the vertical distance between 
the centre of the orifice and the centre of the jet. 
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At a small distance away from the orifice, however, the stream 
lilies are practically parallel, and very little error is introduced in 
the coefficient of contraction by measuring the stream near the 
orifice. 

Poncelet and Lesbros in 1828 found, for an orifice *20 m, square, 
a minimum section of the jet at a distance of *3 m. from the orifice 
and at this section c was *563. M. Bazin, in discussing those 
results, remarks that at distances greater than 0*3 m. the section 
becomes very difficult to measure, and although the vein appears 
to expand, the sides become hollow, and it is uncertain whether 
the area is really diminished. 

Corwplete contraction. The maximum contraction of the jet 
takes place when the orifice is shaip edged and is well removed 
from the sides and bottom of the vessel. In this case the contrac- 
tion is said to be complete. Experiments show, that for complete 
contraction the distance from the orifice to the sides or bottom of 
the vessel should not be loss than ono and a half to twice the least 
diameter of the orifice. 

Incomplete or mppreased coritraction. An example of incom- 
plete contraction is shown in Fig. 40, the lower edge of the 
rectangular orifice being made level with the bottom of the vessel. 
The same effect is produced by placing a horizontal plate in 
the vessel level with the bottom of the orifico. The stream 
lines at the lower part of the orifico are normal to its plane 
and the contraction at the lower edge is consequently suppressed. 




Similarly, if the width of a roctangular orifice is made equal 
to that of the vessel, or the orifico abed is provided with side walls 
as in Fig. 47, the side or lateral contraction is suppressed. In any 
case of suppressed Conti's ction the discharge is increased, but, as 
wdll be seen later, the discharge coefficient may vary more than 
when the contraction is complete. To suppress the contraction 
completely, the orifico must be made of such a form that the 
stream lines become parallel at the orifice and normal to its plane* 
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Experimental determination of e. The section of the stream 
from a circular orifice can be obtained with considerable accu- 
racy by the apparatus shown in Fig. 49, which consists of a 
ring having four radial set 
screws of fine pitch. The 
screws are adjusted until the 
points thereof touch the jet. 

M. Bazin has recently used an 
octagonal frame with twenty- 
four set screws, all radiating 
to a common centre, to deter- 
mine the form of the section 
of jets from various kinds of 
orifices. Fig. 43 . Fig. 49. 

The screws were adjusted 

until they just touched the jet. The frame was then placed upon 
a sheet of paper and the positions of the ends of the screws 
marked upon the paper. The forms of tho sections could then 
be obtained, and the areas measured with considerable accuracy. 
Some of the results obtained are shown in Table lY and also in 
the section on the form of the liquid vein. 

38. Coefficient of velocity for sharp-edged orifice. 

The theoretical velocity through the contracted section is, as 
shown in section 86, equal to but the actual velocity 

Vi is slightly less than this due to friction at the orifice. The 

ratio = i; is called the coefficient of velocity. 

Experimental determination of Jc. There are two methods 
adopted for determining Jc expeiimontally. 

First method. The velocity is determined by measuring the 
discharge in a given time under a given head, and the cross 
sectional area of the jet, as explained in the last paragraph, is 
also obtained. Then, if is the actual velocity, and Q the 
discharge per second. 




Second method. An orifice, Kig. 50, is formed in the side of a 
vessel and -water allowed to flow from it. The water after leaving 
the orifice flows in a parabolic carve. Above the orifloe is fixed 
a horizontal scale on which is a slider carrying a vertical scale, 
to the bottom of which is clamped a bent piece of wire, with a riiarp 
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point. Tho vertical scale can be adjusted so that the point touches 
the upper or lower surface of the jet, and the horizontal and vertical 
distances of an^ point in the axis of the jet from the centre of the 
orifice can thus be obtained* 



Assume the orifice is vertical, and let Vi be the horizontal 
velocity of flow. At a time t seconds after a particle has passed 
the orifice, the distance it has moved horizontally is 


X^Vit ( 1 ). 

The vertical distance is 

y^lgt^ ( 2 ). 

^8 


Tlierefore y-h(J \ 


and 




The theoretical velocity of flow is 


Therefore 


h = 

j2gK 2^/yH• 


It is better to take two values of x and ^ so as to make 
allowance for the plane of the orifice not being exactly perpen^ 
dicular. 

If the orifice has its plane inclined at an angle S to the 
vortical, the horizontal component of the velocity is Vi cos 0 and 
the vertical component V\ sin 6. 

At a time t seconds after a particle has passed the orifice, the 


horizontal movement from the orifice is, 

x-Vi cos Ot (1), 

and the vertical movement is, 

( 2 ), 

After a time ti seconds xi^ViCosOt^ (3), 

yi = Vi sin Hi + (4). 
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SubBiitatin£( iihe Talne of i from (1) in and ft from (8) 
in (4), 



and, y, = ».tan6 + ^ -^ <g (6). 


From (5), 


2th* __ <8*800* g 
g y-»tand 

Snbstitnimg for th* in (6), 

tan^ 


.(7). 


yia5*-ya;i* 

^ 

Having calculated tan sec ^ can be found from matbematical 
tables^ and from (7) Vi can be calculated. Then 





39. Bazin’s experiments on a 8harp-‘edged orifice. 

In Table IV are given values of h as obtained by Bazin from 
exporimonts on vertical and horizontal sharp-edged orifices, for 
various values of the head. 

The section of the jet at various distances fi*om the orifice was 
carefully measured by the apparatus described above^ and the 
actual discharge per second was dotermined by noting the time 
taken to fill a vessel of known capacity. 

The mean velocity through any section was then 



Q being the discharge per second and A the area of the section. 

The fall of free level for the various sections was different, and 
allowance is made for this in calculating the coefficient Tc in the 
fourth column. 

Let y be the vortical distance of the centre of any section 
below the centre of the orifice; then the fall of free level for that 
section is H + ^ and the theoretical velocity is 

J2g{IL-^y). 

The coefficients given in column 8 were determined by dividing 
the actual mean velocity through different sections of the jet by 
n/ 2^H, the theoretical velocity at the centre of the orifice. 

Those in column 4 were found by dividing the actual mean 
velocity through the section by •J2g (H + y), the theoretical 
velocity at any section of the jet. 

The coefficient of column 3 increases as the section is taken 
further from the jet, and in nearly all cases is greater than unity. 
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TABLE IV. * 

Sharp-edged Or^ieee CorUracUon Complete. 

Table sbowing tib.e ratio of the area of the jet to the area of 
the orifice at definite distances from the orifice, and the ratio of 
the moan velooitF in the section to ^2^5 and to >j2g.(Si+y), 
H being the head at the centre of the orifice and y the vertical 
distance of the centre of the section of the jet from the centre of 
the orifice. 

Vertical circular orifice 0*20 m. (‘656 feet) diameter, H « *990 m. 
C8‘248f6et). 

Coefficient of discharge m, by actual measurement of the flow is 

m = ‘5977* 


Distance of the section Mean Velocity 

Mean Velocity 

from the plane of the Area of Orifice 

orifice in metres —c 

s/2^ 

= Jfc 

V2^f(H+y) 

0-08 

•6079 

0*983 


018 

*5971 

1*001 

•998 

0-17 

*5951 

1*004 

•999 

0*285 

*6904 

1*012 

1-003 

0*336 

•5830 

1*025 

1*007 

0*516 

•6690 

1*050 

1*010 

Horizontal circular 
H--975m, (3198 foot). 

orifice 0*20 

m = 0’C035. 

m. C656 

feet) diameter. 

0*076 

0*6003 

1*005 

0*968 

0*098 

0*6989 

1*016 

0*971 

0-110 

0*6824 

1*036 

0*982 

0*128 

0*5734 

1-053 

0-990 

0*146 

0*5658 

1-067 

0*996 

0*163 

0*5697 

1*078 

0*998 

Vertical orifice *20 m. (*656 feet) square, H = *953 m. (3*126 feet). 

m — 0*6066. 

0*161 

0*6052 

1*002 

•997 

0*176 

0*6029 

1*006 

1-000 

0*210 

0*5970 

1*016 

1*007 

0*248 

0*6980 

1*023 

1*010 

0*302 

0*6798 

1*046 

1*027 

0*850 

0*6788 

1*049 

1*024 


The real value of the coefficient for the various sections is 
however that given in column 4 

For the horizontal orifice, for every section, it is less than 
unity, but for the vertical orifice it is greater than unity. 

Bazin’s results confirm those of Lesbros and Poncelot, who in 

* See Motion 43 and Appendix 1. 
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1828 found that the actual velocity^ through the contracted section 
of the jet, even when account was taken of the centre of the 
section of the jet being below the centre of the orifice, was 
liV greater than tho theoretical value. 

This result appears at first to contradict the principle of the 
conservation of energy, and Bernoulli’s theorem. 

It should however be noted that the vertical dimensions of the 
orifice are not small compared with the head, and the explanation 
of the apparent anomaly is no doubt principally to be found in the 
fact that the initial velocities in the different horizontal filaments 
of the jet are different. 

Theoretically the velocity in the lower part of the jot is greater 
than V2p (H + y), and in the upper part less than \/2g (H + y)» 

Suppose for instance a section of a jet, the centre of which is 
1 metre below the free surface, and assume that all the filaments 
have a velocity coiTOsponding to the depth below the free surface, 
and normal to the section. This is equivalent to assuming that 
the pressure in the section of tho jet is constant, which is probably 
not true. 

Let the jet bo issuing from a square orifice of *2 m. (*656 feet) 
side, and assume the coefficient of contraction is '6, and for 
simplicity that the section of tho jot is square. 

Then the side of the jet is *1549 metros. 

The theoretical velocity at the centre is 's/2g, and the discharge 
a ss u ming this velocity for the whole section is 

•0 X ’04 X \/2g = *024 ^/2p cubic metros. 

The actual discharge, on the above assumption, through any 
horizontal filament of thickness dh, and depth h, is 
dQ = 0-1549 xdhxs/^, 
and the total discharge is 

/ I 0776 
<«» 

»-0241n/%. 

The theoretical discharge, taking account of tho varying heads 
is, therefore, 1*004 times the discharge calculated on the assumption 
that the head is constant. 

As the head is increased this difference diminishes, and when 
the head is greater than 5 times the depth of tho orifice, is very 
small indood. 

The assumed data agrees very approximately with that given 
in Table lY for a square orifice, where the value of & is given as 
1*006. 
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This partly then, explains the anomalous values of h, but it 
cannot be looked upon as a complete explanation. 

The conditions in the actual jet are not exactly those assumed, 
and the variation of velocity normal to the plane of the section is 
probably much more complicated than hero assumed. 

As Bazin further points out, it is probable that, in jets like 
those from the square orifice, which, as will be seen later when the 
form of tho jet is considered, are subject to considerabledeformation, 
the divergence of some of the filaments gives rise to pressures less 
than that of tho atmosphere. 

Bazin has attempted to demonstrate this experimentally, and 
his instrument, Fig. 150, registered pressures less than that of the 
atmosphere; but he doubts the reliability of the results, and 
points out the extreme difficulty of satisfactorily determining the 
pressure in tho jet. 

That the inequality of the velocity of the filaments is tho 
primary cause, receives support from the fact that for the 
horizontal orifice, discharging downwards, the coefficient h is 
always slightly less than unity. In this case, in any horizontal 
section below the orifice, the head is the samo for all the stream 
lines, and the velocity of the filaments is practically constant. 
The coefficient of velocity is never less than '96, so that the loss 
due to the internal friction of the liquid is very small. 

40. Distribution of velocity in the plane of the orifice. 

Bazin has examined the distribution of tho velocity in the 
various sections of the jot by moans of a fine Pitot tube (see 
page 245). In the plane of the orifice a minimum velocity 
occurs, which for vertical orifices is just above tho centre, but at a 
little Stance from the orifice the minimum velocity is at the top 
of the jet. 

For orifices having complete contraction Bazin found the 
minim urn velocity to be '62 to '64 ^/2gKf and fo r the rectangular 
orifice, with lateral contraction suppressed, 0'69 >/2pH. 

As the distance from the plane of the orifice increases, the 
velocities in the transverse section of the jets from horizontal 
orifices, rapidly become uniform throughout the transverse section. 

For vertical orifices, the velocities below the centre of the jet 
are greater than those in the upper part. 

41. Pressure in the plane of the orifice. 

M. Lagerjelm stated in 1826 that if a vertical tube open at 
both ends was placed with its lower end near the centre, and not 
X)erceptibly below the plane of tho inner edge of a horizontal 
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orifice made in the bottom of a large reservoiri the water rose in 
the tube to a height equal to that of the water in the reaervoir, 
that is the pressure at the centre of the oxifico is equal to the head 
over the oriiioe even when flow is taking place. 

M. Bazin has recently repeated this experiment and found, 
that the water in the tube did not rise to the level of the water in 
the reservoir. 

If Lagerjelm's statement were correct it would follow that the 
velocity at the centre of the orifice must be zero, which again does 
not agree with the results of Bazin’s experiments quoted above. 

42. ’Coefficient of disoharge. 

The discharge per second from an orifice, is clearly the area 
of the jot at the contracted section GK multiplied by the mean 
velocity through this section, and is therefore, 

Or, calling m the coefficient of discharge, 

Q = m.a>/2grH. 

This coefficient m is equal to the product o.k. It is the only 
coefficient required in practical problems and fortunately it can 
be more easily determined than tho other two coefficients c and k. 

Experimental determination of the coefficient of discharge. 
The most satisfactory method of determining the coefficient of 
discharge of orifices is to measure the volume, or the weight of 
water, discharged under a given head in a known time. 

The coefficients quoted in the Tables from M. Bazin*, were 
determined by finding accurately the time required to fill a vessel 
of known capacity. 

The coefficient of discharge m, has been determined with 
a great degree of accuracy for sharp-edged orifices, by Poncelet 
and Lesbrost, Weisbacht, Bazin and others§. In Table IV 
Bazin’s values for m are given. 

The values as given in Tables Y and YI may be taken as 
representative of the best experiments. 

For vertical, circular and square orifices, and for a head of 
about 8 feet above the centre of the orifice, Mr Hamilton Smith, 
junr. II, deduces the values of m given in Table YL 

^ See also Appendix 1, page 556. 

* Annales de$ JPontt et ChausaSeB, October, 1868. 

t Flew through Vertical Orifices, 

i Mechanics of Engineering. 

I Experiments upon the Contraction of the Liquid Vein. Bazin translated by 
Trantwine. Also see Appendix and the Bulletins of the University of Wisconsin, 

II The Flow of Water through Orifices and over Weirs and through open Conduits 
and Pipes, Hamilton Smith, jnnr., 1866. 
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TABLE V. 



Fartioulaia of orifice 

Coefficient of 
dificbarge m 

Bazin 

Poneelsfc and 

Vortical square orifice side of square 0'6fi62 ft. 

1 1 

Lesbros 

tt M n n 

Bazin 

Vertical Rectangular orifice *666 ft. high x 2*624 
ft. wide with side contraction suppressed 

0*627 


Vortical circular orifice 0*6662 ft* diameter 

0*628 

*« 

Horizontal „ ,, 

0*6085 

•t 

fi *1 0*3281 II 

i 

0*6063 


TABLE VL 
Cireidar orifices. 


'>iamotor of 
>rifice in ft. 



0*039 

00492 

0*0984 

0*164 

0*328 

0*6562 

00848 

m 



0*611 

0*606 

0*603 

0*600 

0*599 

0*598 

0*697 


ffquare orijices. 


Side of square 
in feet 

0*0197 

0*0492 

0*0984 

0*197 

0*5906 

0*9848 

m 

0-631 

0*612 

0*607 

0*606 

0*604 

0*603 


TABLE VII. 

Table sbowing coefficients of discharge for square and rect- 
angular orffices as determined by Poncelet and Lesbros. 
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The heads for which Bazin determined the coefiicients in 
Tables IV and V varied only from 2’6 to 8*3 feet, but, as will be 
seen from Table VII, deduced from results given by Ponoelet and 
Lesbros** in their classical work, when the variation of head is not 
small, the coefficients for rectangular and square orifices vary 
considerably with the head. 

43. Effect of suppressed contraction on the coefficient 
of discharge. 

Sharp-edged orifice. When some part of the contraction of a 
transverse section of a jet issuing from an orifice is suppressed, 
the cross sectional area of the jet can only be obtained with 
difficulty. 

The coefficient of discharge can, however, be easily obtained, 
as before, by determining the discharge in a given time. The 
most complete and accurate experiments on the effect of contrac- 
tion are those of Lesbros, some of the results of which are quoted 
in Table VIII. The coefficient is most constant for square or 
rectangular orifices when the lateral contraction is suppressed. The 
reason being, that whatever the head, the variation in the section 
of the jet is confined to the top and bottom of the orifice, the 
width of the stream remaining constant, and therefore in a greater 
part of the transverse section the stream lines are normal to the 
plane of the orifice. 

According to Bidone, if a; is the fraction of the periphery of a 
sharp-edged orifice upon which the contraction is suppressed, and 
m the coefficient of discharge when the contraction is complete, 
then the coefficient for incomplete contraction is, 

Wi = m(l + ’15aj), 
for rectangular orifices, and 

mi = m(l + ’13a*) 

for circular orifices. 

Bidone’s formulae give results agreeing fairly well with 
Lesbros* experiments. 

His formulae are, however, unsatisfactory when x approaches 
unity, as in that case vh should be nearly unity. 

If the form of the formula is preserved, and m taken as ’606, 
for mi to be unity it would require to have the value, 

Wi = m (1 + ‘fiSaj). 

For accurate measurements, either orifices with perfect con- 
traction or, if possible, rectangular or square orifices with the 
lateral contraction completely suppressed, should bo used. It will 

* EzpSriencen hydrauhauei mr les loi$ de Vdeoulement de Peau h travm U9 

etc.. 18 {i 2 . Poncelet and Leabros. 
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generally be necessary to calibrate the orifice for various beads, 
but as shown above the coefficient for the latter kind is more 
likely to be constant. 

TABLE VIIL 

Table showing the effect of suppressing the contraction on the 
coefficient of discharge. Lesbros*^. 

Square vortical orifice 0*656 feet square. 


Head of ^atcr 
above the upper 
edge of the orifice 

Sharp-edged 

Side con- 
traction 
suppressed 

Oontraction 
Buppiebsed at 
the lower edge 

Contraction 
suppressed at 
the lower and 
side edges 

0 065f)2 

0*572 


0*599 


01640 

0*585 




0*3281 

0*592 


0*615 


0'fJ5G2 



0*621 

0-708 

1-640 



0C23 

0-680 

3-281 

0*605 


0*624 

0-676 

4-921 

0-602 


0*624 

0*672 

6-562 

0 601 

BiSH 

0*619 

0-66H 

9-843 

0*601 

■1 

0*614 

0*665 


Fig. 51. Scoiion of jet fio/n 
ciicular orifice. 


44. The form of the jet from sharp-edged orifices. 

From a circular orifice the jet emerges like a cylindrical rod 
and retains a form nearly cylindrical for some distance from the 
orifice. 

Fig. 51 shows three sections of a jet from a vortical circular 
orifice at varying distances from the 
orifice, as given by M. Bazin. 

The flow from square orifices is 
accompanied by an interesting and 
curious phenomenon called the in- 
version of the jet. 

At a very small distance from 
the orifice the section becomes as 
shown in Fig. 52. The sides of the 
jet are concave and tho corners are 
out off by concave sections. The 
section then becomes octagonal as in 
Fig. 53 and afterwards takes tho form of a square with concave 
sides and rounded comers, ^^the diagonals of the square being 
perpendicular to tho sides of the orifice, Fig. 64. 





o 





Figs. 62 — 54. Section of jet from 

square orifice. 


* Mxp€iience» hydrauliqueh eur lea hi a de VicouXement de IVau. 
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45. Large orifices. 

Table Yn shows very clearly that if the depth of a Tertioal orifice 
is not small compared with the head, the coefficient of discharge 
varies very considerably with the head, and in the disoossion of 
the coefficient of velocity 1c, it has already hoen shown that the 
distribution of velocity in jots issuing from dnch orifices is not 
nniform. As the jet moves through a largo orifice the stream 
lines are not normal to its plane, but at some section of the stream 
very near to the orifice they are practically normal. 

If now it is assumed that the pressure is constant and equal to 
the atmospheric pressure and that the shape of this section is 
known, the discharge through it can be calculated. 

Rectangular orifice. Let efgh. Fig. 55, be the section by a 
vertical plane EF of the stream issuing from a vertical rectangular 
orifice. Let the crest E of the stream bo at a depth below 
the free surface of the water in the vessel and the under edge 
F at a depth h,. 



At any depth h, since the pressure is assumed constant in the 
section, the fall of free level is h, and the velocity of flow through 
the str^ of width dh is therefore, h>J2gh, and the discharge is 
1AJ2ghdh. 

If A; be assumed constant for all the filaments the total discharge 
in cubic feet per second is 

Q = *^/^ j^bhidh=^ hfi). 

Here at once a difficulty is met with. The dimensions %•, K, 
and h cannot easily bo determined, and experiment shows that 
they vary with the head of water over the orifice, and that , they 
caimot tWefore be written as fractions of Ho, Hi, and B. 
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By replacing hi and h by Ho, Hi and B an empirical 
formula of the same form is obtained which^ by introducing a 
coefficient c, can be made to agree with experiments. Then 

Q = icN/^.B(n.»-B.*), 

or replacing |c by 

( 1 ). 

The coefficient n varies with the head Ho, and for any orifice 
the simpler formula 

Q =3 m . a . (2), 

a being the area of the orifice and H the head at the centre, 
can be used with equal confidence, for if n is known for the 
particular orifico for various values of Ho, wi ’svill also be known. 

Prom Table VII probable values of m for any large sharp- 
edged rectangular orifices can be interpolated. 

Rectangular slv/icea. If the lower edge of a sluice opening is 
some distance above the bottom of the channel the discharge 
through it will be practically the same as through a sharp-edged 
orifice, but if it is flush with the bottom of the channel, the 
contraction at this edge is suppressed and the coefficient of 
discharge will be slightly greater as shown in Table VIII. 

46. Drowned orifices. 

When an orifice is submerged as in Pig. 56 and the water in 
the up-stream tank or reservoir is moving so slowly that its velocity 
may be neglected, the head causing velocity of flow through any 
filament is equal to the difference of the up- and down-stream 
levels. Let H be the difference of level of the water on the two 
sides of the orifice. 



1. n. 
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CSoluddor any stream line F& which passes through the orifice 
at The pressure head at E is equal to ht, the depth of E below 
the down-stream level, li then at F the velocity is zerc^ 

or J2g 

or taking a coefficient of velocity h 

i?E = hsl2g . S, 

wKichj since H is constant^ is the same for all fUaments of the 
orifice. 

If the coefficients of discharge and contraction are m and c 
respectively the whole discharge through the orifice is then 

Q = cka V2<;H = m . a . J2g^. 

*The coefficient m may be taken as 0*6. 

47. Partially drowned orifice. 

If the orifice is partially drowned, as in ^ 

Fig. 67, the discharge may be considered in 

two parts. Through the upper part AO the ^ ^ ^ 

discharge, using (2) section 45, is 

Qi = mo ^2g ^ ^ ^ ^ 

and through the lower part BO — —7^ 

Q*=mi,ai.N/2^7nr. B | ^ 1 := 

48. Velocity of approach. | 

It is of interest to consider the effect of the ^ 

water approaching an orifice having what is 
called a velocity of approach, which will be equal to the velocity 
of the water in the stream above the orifice. 

In Fig. 56 let the water at F approaching the drowned orifice 
have a velocity vv 

Bemoulh’s equation for the stream line drawn is then 
Vs* » , T . vf’ 

and = 

wbiob is again constant for all filaments of the orifice. 

Then Q-m.o.o/^. 

* of Vnivmity of WUeonHn, Not. 214 and 270. 
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49. Effect of valoolty of epproacb on the dlMdiarge 
throng a large rectangular orifice. 

li the water approaohingr the large orifice. Fig. 55, has 
a reloaty of approach Vi, Bemonlli’s equation for the stream line 
pMnitig throngh the strip at depth h, will be 

p. . V* _ p. , , . 1?1* 
w 2g w 2g * 

Pa being the atmospheric pressure, or patting in a coefficient of 
velocity, 

v = Jc^ 2g(h + |A. 


The discharge through the orifice is now, 




60. CoefBoient of resistance. 


In connection with the flow through orifices, and hydraulic 
plant generally, tho term ^^coefficient of resistance” is frequently 
used. Two meanings have been attached to the term. Some- 
times it is defined as the ratio of the head lost in a hydraulic 
system to tho effective head, and sometimes as the ratio of the 
head lost to tho total head available. According to the latter 
method, if H is tho total head available and h/ the head lost, 
the coefficient of resistance is 



51. Sudden enlargement of a current of water. 

It seems reasonable to proceed from the consideration of flow 
through orifices to that of tho flow through mouthpieces, but 
before doing so it is desirable that the effect of a sadden 
enlargement of a stream should be considered. 

Suppose for simplicity that a pipe as 
in Fig. 58 is suddenly enlarged, and that 
there is a continuous sinuous flow aloiig 
the pipe. (See section 284.) 

At the enlargement of tho pipe, the 
stream suddenly enlarges, and, as shown 
in the figure, in the oomers of the large 
pipe it may be assumed that eddy motions 
are set up which cause a loss of energy. 

5 ^ 



,d 


Fig. M, 
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Consider two sections aa and dd at such a distance from bb 
that the flow is steady. 

Then, the total head at dd equals the total head at cm minus 
the loss of head between aa and dd, or if & is the loss of head due 
to shock, then 

E!!+!!a*=£<‘+?!<L + i 
w 2flt w 2flr "• 

Let A« and Ad be the area at cm and dd rospectivoly. 

Since the flow past cm equals that past dd, 

VaAa-VdAd. 

Then, assuming that each filament of fluid at aa has the 
velocity Va, and Vd at dd, the momentum of the quantity of water 


which passes aa in unit time is equal to ~ AaVa, and the momentum 
of the water that passes dd is 

wAgVaVd 
9 ' 

the momentum of a mass of M pounds moving with a velocity 
V feet per second bemg Mv pounds feet. 

The change of momentum is therefore. 


w 


jAiVa(Va-Va). 


The forces acting on the water between aa and dd to produce 
this change of momentum, are 

paAa acting on aa, pdAd acting on dd, 
and, if p is the mean pressure per unit area on the annular ring 
bb, an additional force p(Ad - A®). 

There is considerable doubt as to what is the magniitude of the 
pressure p, but it is generally assumed that it is equal to for 
the following reason. 

The water in the enlarged portion of the pipe may be looked 
upon as divided into two parts, the one part having a motion of 
translation, while the other part, which is in contact with the 
annular ring, is practically at rest. (See section 284.) 

If this assumption is correct, then it is to be expected that the 
pressure throughout this still water will be practically equal at all 
points and in all directions, and must be equal to the pressure in 
the stream at the section bb, or the pressure p is equal to pa* 

Therefore 


PdAa-p^(Aa-Aa) - p. A* («.-««), 

A ^ 

from which (p, - p*) A4 = w— ^ («. - V4) j 
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and since 


therefore 


JEa ^ 2d _ ^ 

w " w g g" 


Adding ^ to both sides of the equation and separating 
y into two parts, 

w 2g w 2g 2g ^ 
or h the loss of head due to shock is equal to 

(Va-Va)* 

2g • 

According to St Venant this quantity should be increased by 
1 v/ 

an amount equal ^ g 2 ^ i correction is so small that as 

a rule it can be neglected. 


52. Sudden contraction of a current of water. 

Suppose a pipe partially closed by means of a diaphragm as in 
Fig. 59. 

As the stream approaches the diaphragm 
— which is supposed to bo sharp-edged — 
it contracts in a similar way to the stream 
passing through an orihce on the side of 
a vessel, so that the minimum cross sec- 
tional area of the flow will be less than the Fig. 69. 

area of the orifice*. 

The loss of head due to this contraction, or due to passing 
through the orifice is small, as seen in section 39, but due to 
the sudden enlargement of the stream to fill the pipe again, there 
is a considerable loss of head. 

Let A be the area of the pipe and a of the orifice, and let c be 
the coefficient of contraction at the orifice. 

Then the area of the stream at the contracted section is ca, and, 
therefore, the loss of head duo to shock 



* The preBsnre the seotion ce will bo less than in the pipe to the left of the 
diaphragm. From Bernoulli’s equation an expression similar to eq. 1 p. 46 can be 
obtained for the discharge through the pipe, and such a diaphragm can be used as 
a meter. Proc. Inat, C,E, YoL oxovn. 
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If the pipe simply diminislieB in diameter as in Fig. 58^ the 
section of the stream enlarges from the oontracted area ca to fill 
the pipe of area a, therefore the loss of head in this case is 





2ff 

Or making St Yenant correction 

®- 

*Value of the coefficient c. The moan value of c for a sharp-edged 
circular orifice is, as seen in Table IV, about 0*6, and this may be 
taken as the ooefficient of contraction in this formula. 

Substituting this value in equation (1) tlie loss of head is 

found to be , and in equation (2), , o being the velocity in 

the small pipe. It may be taken therefore as Further 

experiments are required before a correct value can be assigned. 


63. Loss of head due to diarp-edged entrance into a pipe 
or mouthpiece. 

When water enters a pipe or mouthpiece from a vessel through 
a sharp-edgod entrance, as in Fig. 61, there is first a contraction, and 
then an enlargement, as in tho second case considered in section 52. 


The loss of head may be, therefore, taken as approximately 


0-5f;* 

2g 


and this agrees with the experimental value of given by 

Weisbach. 

This value is probably too high for small pipes and too low for 
large pipes t. 


64. Mouthpieces. Drowned Mouthpieces. 

If an orifice is provided with a short pipe or mouthpiece, through 
which the liquid can flow, the discharge may be very different 
from that of a sharp-edged orifice, the difference depending upon 
the length and form of the mouthpiece. If the orifice is cylindrical 
as shown in Fig. 60, being sharp at tho inner edge, and so shorif 
that the stream after converging at tho inner edge clears the 
outer edge, it behaves as a sharp-edged orifice. 

t Short external c/ylmd/rical mouthpieces. If the mouthpiece is 
cylindrical as ABF£, Fig. 61, having a sharp edge at AB and 
a §length of from one and a half to twice its diameter, the jet 
* Proa. Inst. C.E. Vol. ozom. 

t Bee M. Basin, Exp^encei nauvelles sur la dUtrihution des vitusst dans 
Us tuyaux. } 8m Bulletins Noe. 2l6 and 270 UniverHty qf WUsonsisL 

§ Shorter mouthpieoes are unreliable. 



FLOW TBBOnOH UOUTHPIBOES 


ri 


oontracta to GD, and then expands to fill the pipe, so that at EF 
it ducharges full bore, and the coefficient of contraction is then 
nnity. Experiment that the coefficient of discharge is 




Fig. CO. 


Fig. 61. 


from 0‘80 to 0*85, the coefficient diminishing with the diameter 
of the tube. The coefficient of contraction being unity, the 
coefficients of velocity and discharge are equal. Good mean 
values, according to Weisbach, are 0*815 for oylindrioal tubes, 
and 0*819 for tubes of prismatic form. 

These coefficients agree with those determined on the assump- 
tion that the only head lost ia the mouthpiece is that due to 
sudden enlargement, and is 

0'5p* 

2y » 


« * 


V being the velocity of discharge at EF. 

Applying Bernoulli’s theorem to the sections CD and EF, and 

taking into account tke loss of head of , and pa as the atmo- 

Pod , Vm , o* , II 

v> 2g V) 2g 2g 

l*5u* 

Therefore o* = *66 x 2gH 

and « = *812<</2pH. 

The area of the jet at EF is a, and therefore, the discharge 
per second is 

a.v = '812a</2pH. 


or 


=H. 


Or m, the coefficient of discharge, is 0*812. 

Hia pressure head at the section CD. Taking the area at CD 
as 0*606 the area at EF, 

Van — l*65tfa 
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Therefore + 

w w 


jPg IW 
2g 2g w 2g 


9 


or the pressure at G is less than the atmospheric pressure* 

If a pipe be attached to the mouthpiece, as in Fig. 61, and the 
lower end dipped in water, the water should rise to a height of about 


l’22v* 

— Q — feet above the water in the vessel. 
^g 


66. Borda’s mouthpiece. 

A short cylindrical mouthpiece projecting into the vessel, as in 
Fig. 62, is called a Borda’s mouthpiece^ and is of interest, as the 
coefficient of discharge upon certain assumptions can be readily 
calculated. Let the mouthpiece be so short 
that the jet issuing at FF falls clear of GH. 

The orifice projecting into the liquid has 
the effect of keeping the liquid in contact 
with the face AD practically at rest, and 
at all points on it except the area EF the 
hydrostatic pressure will, therefore, simply 
depend upon the depth below the free 
surface AB. Imagine the mouthpiece produced to meet the 
face BO in the area IK. Then the hydrostatic pressure on AD, 
neglecting EF, will be equal to the hydrostatic pressure on BO, 
neglecting IK. 

Again, BO is far enough away from EF to assume that the 
pressure upon it follows the hydrostatic law. 

The hydrostatic pressure on IK, therefore, is the force which 
gives momentum to the water escaping through the orifice, over- 
comes the pressure on EF, and the resistance of the mouthpiece. 

Let H be the depth of the centre of the orifice below the free 
surface and p the atmospheric pressure. Neglecting f rictio nal 
resistances, the velocity of flow through the orifice, is V2pH. 

Let CL be the area of the orifice and w the area of the transverse 
section of the jet. The discharge per second will be w . « ^/^H lbs. 

The hydrostatic pressure on IK is 

pa + walB. lbs. 

The hydrostatic pressure on EF is pa lbs. 

The momentum given to the issuing water per second, is 

pa + ~a)2pH = pa + 

^ • = ia. 


Therefore 

and 



Fig. 62. 
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The coefficient of contraction is then, in this case, eqnal to 
one half. 

Experiments by Borda and others, show that this result is 
jnstifiod, the experimental coefficient being slightly greater 
than 

66. Oonloal xnonthpieoea and noxzlea 

These are either convergent as in Fig. 63, or divergent as in 
Fig. 64. 


Fig. C3. Fig. 64. 

Calling the diameter of the mouthpiece the diameter at the 
outlet, a divergent tube gives a less, and a convergent 
tube a greater discharge than a cylindrical tube of the 
same diameter. 

Experiments show that the maximum discharge for a 
convergent tube is obtained when the angle of the cone 
is from 12 to 13J degrees, and it is then 
If, instead of making the convergent mouthpiece conical, 
its sides are curved as in Fig. 65, so that it follows as 
near as possible the natural form of the stream lines, the 
coefficient of discharge may, with high heads, appi'oxi- 
mate very nearly to unity. 

Weisbach*, using the method described on page 55 
to determine the velocity of flow, obtained, for this 
mouthpiece, the following values of fc. Since the mouth- 
piece discharges full the coefiicionts of velocity k and 
discharge m are practically equal. 

Head in feet 0*66 1*64 11*48 56*8 838 

it and m *959 *967 *975 *994 *994 

According to Freeman t, the fire-hose nozzle shown in Fig. 66 
has a coefficient of velocity of *977. 





* Mechanics oj Engineering. 
t Transactions Am. Soc, CJ?.. Vol. xzi. 
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li the mouthpiece ia first made convergent; and then divergent; 



Fig. 60. 


as in Fig. 67, the divergence being sufficiently gradual for the 
stream lines to remain in contact with the tube, the coefficient of 
contraction is unity and there is bat a 
small loss of head. The velocity of efflux 
from BP is then nearly equal to ^/2gR 
and the discharge is m • a . a being 

the area of £F, and the coefficient m 
approximates to unity. 

It would appear, that the discharge 
could be increased indefinitely by length- 
ening the divergent part of the tube and 
thus increasing a, but as the length increases, the velocity 
decreases due to the friction of the sides of the tube, and further, 
as the discharge increases, the velocity through the contracted 
section CD increases, and the pressure head at CD consequently 



Fig. 67. 


falls. 

Calling Pa the atmospheric pressure, pi 
and Vi the velocity at CD, then 

to 2g to 


the pressure at OD, 


and 


2i = H+22_ 
to to 


®L 

29' 


S /n 

If ^ is greater than H + ^ , pi becomes negative. 

As pointed out, however, in connection with Proude^s apparatus, 
page 43, if continuity is to be maintained, the pressure cannot be 
negative, and in reality, if water is the fluid, it cannot be leM 
thiLTi ^ the atmospheric pressure, due to the separation of the air 
from the water. The velocity th cannot, therefore, be increased 


indefinitely. 
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Assntning the preesnre can jnat become zero, tmd taking Hba 
atmospheric pressure as eqtdvalent to a head of 34 ft. of water, the 
maximum possible Telocity, is 

«,*^/2p(H + 84ft^) 

and the maximum ratio of the area of EF to CD is 

y^- 

Practically, the maximum value of Oi may be taken as 
Vi = V2g (H + 24) ft. 

and the maximum ratio of EF to CD as 

yrr?®. 

The maximum discharge is 

The ratio given of EF to CD may be taken as the mammum 
ratio between the area of a pipe and the throat of a Venturi meter 
to be used in the pipe. 

67. Flow throng orifices and mouthpieces under constant 
pressure. 

The head of water causing flow through an orifice may be 
produced by a pump or other mechanical means, and the discharge 
may take place into a vessel, such as the condenser of a stoam 
engine, in which the pressure is less than that of the atmosphere. 

For example, supx>ose water to be discharged from a cylinder 
A, into a vessel B, Fig. 68, through 
an orifice or mouthpiece by means | * [ } | 

of a piston loaded with P lbs., and 

lot the pressure per sq. foot in B ftiiin'ini.n.i'iii 

be p* 1^3. 

Let the area of the piston be ' L t:-- 

A square feet. Let h be the height 3 

of the water in the cylinder above LnnMMMi 

the centre of the orifice and ho of ^ 

the water in the vessel B. The 

theoretical effective head forcing water through the orifice may 
be written 


IlHii ililinMIil 


fig. 68. 
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If P is large ht and h will generally be negligible. 

At tbe orifice tbe pressure head is ^ &nd therefore for 
any stream line through the orifice, if there is no friction. 


or 


2g w Aw 

^=-^ + fc-h,-2s. 

2g Aw w 


The actual velocity will be less than v, due to friction^ and if k 
is a coefficient of velocity, the velocity is then 

v-k .^/2grH, 

and the discharge is Q = m . a^/2^H. 


In practical examples the cylinder and the vessel will generally 
be connected by a short pipe, for which the coefficient of velocity 
will depend upon the length. 

If it is only a few feet long the principal loss of head will be 
at the entrance to the pipe, and the coefficient of discharge will 
probably vary between 0*65 and 0*85. 

The effect of lengthening the pipe will bo understood after the 
chapter on flow through pipes has been read. 


Example. Water is discharged from a pump into a condenser in which the 
presenre u 8 lbs. per sq. inch through a G^ort pipe 3 iuches diameter. 

The pressure in the pump is 20 lbs. per sq. moh. 

Find the discharge into the condenser, taking the coefficient of discharge 0*75. 
The eSeotiye bead is 

20x144 3x144 

62'4 " 62-4 

s39 2 feet 

Therefore, Q=s *76 x *7851 x x 1^04 '4x 39*2 cubic feet per sec. 

b 1*84 cubic ft. per sea 


68. Time of emptying a tank or reservoir. 

Suppose a reservoir to have a sharp-edged horizontal orifice 
as in Fig. 44. It is required to find the time taken to empty 
the reservoir. 

Let the area of the horizontal section of the reservoir at any 
height h above the orifice be A sq. feet, and the area of the 

A 

orifice a sq. feet, and let the ratio — be sufficiently large that the 

velocity of the water in the reservoir may be neglected* 

When the surface of the water is at any height h above the 
orifice, the volume which flows through the orifice in any time Ot 
will be ma •J2gh . ht. 
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The amount dh by which the eurface of water in the reserroir 
falls in the time dt is 

^ tna‘j2ghdt 
Adh 

or dt = 

ma></2gh 

The time for the water to fall from a height H to Hi is 
H Adh ^ 1 fg Adh 

1 ma aJ2g J h, mJii ’ 

If A is constant, and m is assumed constant, the time required 
for the surface to fall from a height H to H< above the oriiice is 

Adh 


<-r- 

J n,-j 


1 _ Adh 
ma ^/2g J «i fci 

ma s/2g 


and the time to empty the vessel is 

ma J2g * 

or is equal to twice the time required for the same volume of 
water to leave the vessel under a constant head H. 

TiTtie of emptying a lock with vertical drowned sluice. Let -the 
water in the lock when the sluice is closed be at a height H, 
Fig, 56, above the down-stream level. 

Then the time required is that necessary to reduce the level in 
the lock by an amount K. 

When the flow is taking place, let x be the height of the water 
in the lock at any instant above the down-stream water. 

Let A be the sectional area of the lock, at the level of the 
water in the lock, a the area of the sluice, and m its coeflioient of 
discharge. 

The discharge through tho sluice in time Dt is 
DQ = m . a ^2gx . Dt. 

If Dfl? is the distance the surface falls in tho lock in time Dt| then 
J^x - ma V2^a^Dt, 
o. ADa 

or 7S=ni- 

ma \l2gx^ 

To reduce the level by an amount H, 

Adx 




0 ma 
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1£ m and A are consbrnt, 

2AV3 

SxavnpU* A xesetroir, 200 yards long and 150 yards wide at the bottom, and 
biKving aide slopes of 1 to 1, has a depth of water in it of 25 feet. A abort pipe 
S iaet diameter ia used to draw off watffl from the reaerFoir. 

Fmd the time taken for the water in the reservoir to fall 10 feei The 
eoeffident of discharge for the pijie is 0*7. 

When the water has a depth h the area of the water aorface ia 

Arr(600+2h)(450 + 2h). 

The area of the pipe ia as7-06Q aq. feet. 

Therefore t- L (600 + 2h) (450^-2fe)dh 

0•70^/2p.7 068yl6 

* a X 370000fti+# xaioo»*+|)i*j 

B ^ (610200 -t- 98800 + 8606) 

*17.860 MM. 
z=4*05 honra. 


BsampUu A horizontal boiler 6 feet diameter and 80 feet long ia half fhll of 
water. 

Find the time of emptiring the boiler through a abort rertioal pipe 8 indiea 
diameter attached to the bottom of the boiler. 

The pipe may bo taken as a montbpieoe disoharging full, the coefficient of 
Telocity for which is 0*8* 

Let r be the radius of the boiler. 

When the water has any depth h abore the bottom of the boiler the area A ia 


B80x2s/2tA-ft'. 

The area of the pipe is 0*049 sq. feet. 


Therefore 


9x 80 rr j2rh-k*dk 

"•exo-oig^j. v'S 
*191 J*(2r-k)^dk 
*|.191(2r)l-rl 


*127-4 X 9-6 


*1210 MOB. 


EXAMPLES. 

(1) FiiuliiheVelooitydaeioaheadotlOOfk 

(2) FindthebeadiSiietoayeiooityof 600ft.perMO. 

(8) Water issaes vertilcally from aa orifice oader a head of 40 ft. To 
what hei^t will the jet riae, it the ooeffioiant of vdoci^ u 0*97 ? 

(4) What mnat be the eke of a oonoidal orifioe to 10 o. ft. 

per MooDd under a head of 100 ft.? mb-MS. 
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(5) A jet B in. diameter at tlie orifioe rises Terticallj 50 ft. Find its 
diameter at 25 fi abore the orifice. 

(6) An orifice 1 sq. ft. in area di8<fiiarge8 18 o. ft. per second under a 
head of 9 ft. Assuming ooefELcient of Tdocity»0'98, find coefl^ent of 
oontraotion. 

(7) The pressure in the pomp cylinder of a fire-engine is 14,400 lbs. 
per sq. ft.; assuming the resistance of the valyes, hose, and nozzle is such 
that ooafSicient of resistance is 0*5, find the Telocity of discharge, and 
the height to which the jet will rise. 

(8) The pressure in the hose of a fire-engine is 100 lbs. per sq. indi; 
the jet risos to a height of 150 ft. Find the ooi^cient of yclocity. 

(9) A horizontal jet issuoa under a head of 9 ft. At 6 ft. from the 
orifice it has fallen vertically 15 ins. Find the coefScient of velocity. 

(10) Bequiredthe coefficient of resistanoe oonesponding to a coefficient 
of velocity«0'97. 

(11) A fluid of one quarter the density of water is discharged from a 
vessel in which the pressure is 50 lbs. per sq. in. (absolute) into the 
atmosphere whore the pressure is 15 lbs. per sq. in. Find the velocity of 
discharge. 

(12) Find the diameter of a circular orifice to disdiarge 2000 c. ft. per 
hour, under a head of 6 ft. Coefficient of disdiargo 0*60. 

(18) A cylindrical cistern contains water 16 ft. deep, and is 1 sq. ft in 
cross section. On opening an orifico of 1 sq. in. in the bottom, the water 
level fell 7 ft. in one minute. Find the coefficient of discharge. 

V (14) A miner’b inch is defined to be the discharge through an orifioe in 
a vertical plane of 1 sq. in. area, under an average head of 6| ins. Find 
the supply of water per hour m gallons. Coefficient of discharge 0*62, 

(15) A vessel fitted with a piston of 12 sq. ft area discharges water 
under a head of 10 ft. What weight placed on the piston would double tiie 
rate of discharge? 

(16) An orifice 2 inches square discharges under a head of 100 feet 
1*888 Gubio f^t per second. Taking the coefficient of velocity at 0*97, find 
the coefficient of contraction. 

yfl7) Find the discharge per minute from a circular orifioe 1 indi 
diameter, under a constant pressure of 84 lbs. per sq. inch, taking 0*60 e§ 
the coefficient of discharge. 

(18) The plunger of a fire-engine pump of one quarter of a sq. ft. in 
area is driven by a force of 9542 lbs. and the» jet observed to rise to a 
height of 150 feet. Find the coefficient of resistanoe of the apparatfos. 

{/19) An orifioe 8 feet wide and 2 feet deep has 12 feet head of water 
above its centre on the up-stream side, and the badewater on the other 
side is at the level of the centre of the orifice. Find the discharge it 

m-mi»0*62. 
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(20) Ten o. f6. of water per seoond flow through a pipe of 1 ft. areai 
which suddenly enlarges to 4 sq. ft. area. Taking the pressure at 100 lbs, 
per sq^ ft. in the smaller part of the pipe, And (1) the head lost in shock, 
(2) the pressure in the larger part,^ the work expended in forcing the 
water through the enlargement. 

(21) A pipe of 8'' diameter is suddenly enlarged to 5^ diameter. A U 
tube containing mercury is connected to two points, one on each side of the 
enlargement, at points where the flow is steady. Find the difference in 
level in the two limbs of the U when water flows at the rate of 2 c. ft. per 
second from the small to the large section and vice versd* The spedfio 
gravity of mercury is 18*6. Lond. Un. 

(22) A pipe is suddenly enlarged from 2^ inches in diameter to 8^ 
inches in diameter. Water flows through these two pipes from the smaller 
to the larger, and the discharge from the end of the bigger pipe is two 
gallons per second. Find: — 

(a) The loss of head, and gSin of pressure head, at the enlarge- 
ment. 

(b) The ratio of bead lost to velocity head in small pipe. 

(28) The head and tail water of a vertical-sided lock differ in level 
12 ft. The area of the lock basin is 700 sq. ft. Find the time of emptying 
the lock, through a sluice of 5 sq. ft. area, with a coef6cicnt 0*6. The 
sluice discharges below tab water level. 

(24) A tank 1200 sq. ft. in area discharges through an orifice 1 sq. ft. 
in area. Calculate the time required to lower the level in the tank ftom 
60 ft. to 25 ft. above the orifice. Coefficient of discharge 0*6. 

(25) A vertical-sided lock is 66 ft. long and 18 ft. wide. Lift 15 ft. 
Find the area of a sluice below tail water to empty the lock in 6 minutes. 
Coefficient 0*6. 

(26) A reservoir has a bottom width of 100 feet and a length of 125 
feet. 

The sides of the reservoir are vertical. 

The reservoir is connected to a second reservoir of the same dimensions 
by means of a pipe 2 feet diameter. The surface of the water in the first 
reservoir is 17 feet above that in the otlier. The pipe is below the surface 
of the water in both reservoirs. Find the time taken for the water in the 
two reservoirs to become level. Coefficient of discharge 0*8. 


59. Notches and Weirs. 

When the sides of an orifice are 
produced^ so that they extend be- 
yond the free surface of the water, 
as in Figs. 60 and 70, it is called a 
notch. 

Notches are generally made tri- 
angular or rectangular as shown 
in the figures and are largely used 
for gauging the ilow of water. 
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For example, if the flow of a small stream is required, a dam is 
ecmstructed across tbe stream and the water allowed to pass 
through a notch out in a board or metal plate. 



They can conveniently be used for measuring the compensation 
water to be supplied from collecting reservoirs, and also to gauge 
the supply of water to water wheels and turbines. 

The term weir is a name given to a structure used to dam up 
a stream and over which the water flows. 

The conditions of flow are practically the same as through 
a rectangular notch, and hence such notches are generally called 
weirs, and in what follows the latter term only is used. The top 
of the weir corresponds to the horizontal edge of the notch and is 
called the sill of the weir. 

The sheet of water flowing over a weir or through a notch is 
generally called the vein, sheet, or nappe. 

The shape of the nappe depends upon the form of the sill and 
sides of the weir, the height of the sill above the bottom of the 
up-stream channel, the width of the up-stream channel, and the 
construction of the channel into which the nappe falls. 

The effect of the form of the sill and of the dovkn-stroam 
channel will bo considered later, but, for the present, attention 
will be confined to weirs with sharp edges, and to those in which 
the air has free access under the nappe so that it detaches itself 
entirely from the weir as shown in Fig. 70. 

60. ^Rectangular sharp-edged weir. 

If the crest and cddos of the weir are made sharp-edged, as 
shown in Fig, 70, and the weir is narrower than the approaching 
channel, and the sill some distance above the bed of the stream, 
there is at the sill and at the sides, contraction similar to that at 
a sharp-edged orifice. 

The surface of the water as it approaches the weir &lls, taking 
a curved form, so that the thickness h,, Fig. 70, of the vein over 
the weir, is less than H, the height, above tho sill, of the water at 
* For oircalar weirs sse page 561. 


L. a. 


6 
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some distance from the weir. The height H, which is called the 
head over the weir, should be carefully measured at such a distance 
from it, that the water surface has not commenced to curve. 
Fteley and Steams state, that this distance should be equal to 
2^ times the height of the weir above the bed of the streazu. 

For the present, let it be assumed that at the point where H is 
measured the water is at rest. In actual cases the water will 
always have some velocity, and the efFeot of this velocity will have 
to be considored later. H may be called the still water head over 
the weir, and in all the formulae following it has this meaning. 

Side contraction. According to Fteley and Steams the amount 
by which the* stream is contracted when the weir is sharp-edged 
is from 0'06 to 0*12n at each side, and Francis obtained a mean of 
O’lH. A wide weir may be divided into several bays by parti- 
tions, and there may then be more than two contractions, at each 
of which the effective width of the weir will be diminished, if 
Francis* value be taken, by 0‘1H. 

If L is the total width of a rectangular weir and N the number 
of contractions, the effective width I, Fig. 70, is then, 

(L-OINH). 

When L is very long the lateral contraction may be neglected. 

Suppression of the contraction. The side contraction can be 
completely suppressed by making the approaching channel with 
vertical sides and of the same width as the weir, as was done for 
the orifice shown in Fig. 47. The width of the stream is then 
equal to the width of the sill. 

61. Derivation of the weir formula from that of a large 
orifice. 

If in the formula for large orifices, p. 64, ho is made equal to 
zero and for the effective width of the stream the length I is 
substituted for &, and Te is unity, the formula becomes 

Q = (1). 

If instead of hi the head H, Fig. 70, is substituted, and 
a coefficient C introduced, 

Q = y C • ZBL^. 

Tlie actual width Z is retained instead of L, to make allowance 
for the end contraction which as explained above is equal to 0*1H 
for each contraction. If the width of the approaching channel is 
made equal to the width of the weir Z is equal to L. 

With N contractions Z = (L — 0‘lNH), 
and Q = |0\/2^.(L-0-lNH)H*. 

If C is given a mean value of 0*625, and L and H are in feet, 
the discharge in cubic feet per second is 

Q=8*88(Ii-01NH)H* 


( 2 ). 
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This is the well-known formula deduced by Francis* from 
a careful series of experiments on shai^dged weirs. 

The formula, as an empirical one, is approximately correct and 
gives reliable values for the discharge. 

The method of obtaining it from that for large orifices is, 
however, open to very serious objection, as the velocity at F on 
the section EF, Fig. 70, is clearly not equal to z*ero, neither is the 
direction of flow at the surface perpendicular to the section EF, 
and the pressure on EF, as will be understood later (section 83) 
is not likely to be constant. 

That the directions and the velocities of the stream lines are 
different from those through a section taken near a sharp-edged 
orifice is seen by comparing the thickness of the jet in the two 
cases with the coefficient of discharge. 

For the sharp-edged orifice with side contractions suppressed, 
the ratio of the thickness of the jet to the depth of the orifice is not 
very different from the coefficient of discharge, being about 0*625, 
but the thickness EP of the nappe of the weir is very nearly 0*78H, 
whereas the coefficient of discharge is practically 0*625, and the 
thickness is therefore 1*24 times the coefficient of discharge. 

It appears therefore, that although the assumptions made in 
calculating the flow through an oiifice may be justifiable, providing 
the head above the top of the orifice is not very small, yet when 
it approaches zero, the assumptions are not approximately true. 

The angles which the stream lines make with the plane of EF 
cannot be very different from 90 degrees, so that it would appear, 
that the error principally arises from the assumption that the 
pressure throughout the section is uniform. 

Bazin for special cases has carefully measured the fall of the 
point F and the thickness EF, and if the assumptions constant 
pressure and stream lines perpendicular to EF are made, the 
discharge through EF can bo calculated. 

For example, the height of the point E above the sill of the 
weir for one of Bazin’s experiments was 0*112H and the thickness 
EP was 0*78H. The fall of the point F is, therefore, 0‘108H, 
Assuming constant pressure in the section, the discharge per foot 
width of the weir is, then, 



= I . H* {(-888)* - (-108)*} 

-•632n^.H*. 

* Lowdl, HydrauUe Experiments, Nm Totk, ISSS. 

6— a 
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The actual discharge per foot ividth, hy experiment, vtbb 
g=0‘433N^.H*, 

so that the calculation gives the discharge 1*228 greater than the 
actual, which is approximately the ratio of the thickness BF^ to 
the thickness of the stream from a sharp-edged orifice having 
a depth H. The assumption of constant pressure is, therefore, 
quite erroneous. 

62. Thomson’s principle of similarity. 

"When a frictionless liquid flows out of similar and similarly 
placed orifices in similar vessels in which the same kind of liquid 
is at similar heights, the stream lines in the different flows are 
similar in form, the velocities at similar points are proportional to 
the square roots of the linear dimensions, and since the areas of 
the stream lines are proportional to the squares of the linear 
dimensions, the discharges are proportional to the linear dimensionB 
raised to the power of | 

Let A and II, Figs. 71 and 72, be exactly similar vessels with 
similar orifices, and let all the dimensions of A be n times those 
of B. Let c and Ci be similarly situated areas on similar stream 
lines. 


Fig. 71. Fig. 72. 

Then, since the dimensions of A are n times those of B, the 
fall of free level at c is n times that at Ci. Let v be the velocity 
at c and Vi at c,. 

Then, since it has been shown (page 51) that the velocity in 
any stream lino is proportional to the square root of the fall of 
free level, 

V : Vi :: s/n ; 1 . 

Again the area at c is n* times the area at Ci and, therefore, 
t he discharge through c ^ . 

the discharge through Ci “ ^ , 

which proves the principle. 

* BritiBb AsBooiatiou Beports 1858, 1876 and 1885. 
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63. OiBoliargo tbron^ a trlaagnlar natch by the 
prlnolpld of Blirtilarlty. 

Let ADOj Figs. 78 and 74^ bo a triangular notch. 



Let the depth of the flow through the notch at one time be H 
and at another n • H. 

Suppose the area of the stream in the two cases to be divided 
into the same number of horizontal elements, such as ah and ai&i* 
Then clearly the thickness of ah will be a times the thickness 
of Oi&i. 

Let Oi&i bo at a di^fance x from the apox B, and ab at a 
distance nx ; then the width of ah is clearly n times the width of 
aibi, and the area of ab will therefore ho times the area of ai&x. 

Again, the head above ab is n times the Jiead above aibt and 
therefore the velocity through ab will be Vn times the velocity 
through aibi and the discharge through ab will be times 
that through ahj. 

More generally Thomson expresses this as follows : 

** If two triangular notches, similar in form, have water flowing 
through them at different depths, but with similar passages of 
approach, the cross sections of the jets at the notches may be 
similarly divided into the same number of elements of area, and 
the areas of corresponding elements will be proportional to the 
squares of the lineal dimensions of the cross sections, or pro- 
portional to the squares of the heads/^ 

As tho depth h of each element can be expressed as a fraction 
of the head H, the velocities through these elements are propor- 
tional to the square root of the head, and, therefore, the discharge 
is proportional to 

Therefore Q <ao 

or Q = 0.H5, 

0 being a coefficient which has to be determined by experiment* 
From experiments with a sharp-edged notch having an angle 
at the vertex of 90 degrees, he found G to be practically constant 
for all heads and equal to 2*535. Then, H being measured in feet, 
the discharge in cubic feet per second is 

Q-2-535.H* 


( 8 ). 
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64. How tbrough a triangular not^. 

The flow through a triangular notch ia frequently given as 

in which B is the top width of the notch and n an experimental coefBdent. 

It is deduced as follows s 

Let ADCf Fig. 74, be the triangular notch, H being the still water head over 
the apex, and B the width at a height H above the apex. At any depth h the 

width h ot the strip Cjbj is — • 


If the velocity through this strip is assumed to be the width of the 


stream through ajbi 




, and the thickness dh, the discharge through it is 


Jmdh. 


The section of the jet Just outside the orifice is really less than the area EFD. 
The width of the stream through any strip a^bi is less than the surface is lower 
than £F, and the apex of the Jet is some distance above D. 

The diminution of the width of has been allowed for by the coefficient e, and 
the diminution of depth might approximately be allowed fur by Integrating between 
hsO and hsH, and introducing a third coeiliciont C|. 


Then Q=*cc, yj2glidh 

ss^ccjk tsf^ . B . 


Beplacing ecih by n 

(4). 

Oalling the angle ADC, 6, 

Bs2H tan 

£ 

Q= n tan I . 

When B is 90 degrees, B is equal to 2H, and 

Taking a mean value for n of 0 5920 

&Q = 2*535 . for a right-angled notch, 
and 'q = l*464Hi for a 60 degrees notch, 

which agrees with Thomson's formula for a right-angled notch. 

The result is the same as obtained by the method of similarity, but the method 
of reasoning is open to very serious objection, as at no section of the jet are all the 
stream lines normal to the section, and h cannot therefore be constant. The 
assumption that the velocity through any strip is proportional to is also open 
to objection, as the pressure throughout the section can hardly be uniform. 


65. Discharge through a rectangular weir by the 
principle of similarity. 

The discharge through a rectangular weir can also be obtained 
by the principle of similarity. 
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Consider two reotongular weirs eacli of length L, Figs. 75 
and 76, and let the head over the sill be H in the one case and 
H., or nHy in the other. Assome the approaching channel to be 
of such a form that it does not materially alter the flow in either 


case. 



K- L 


A| 



* 


B 


C 


Pig. 76. 


To simplify the problem let the weirs be fitted with sides 
projecting up stream so that there is no side contraction. 

Then, if each of the weirs be divided into any number of equal 
parts the flow through each of these parts in any one of the weirs 
will be the same. 

Buppose the first weir to be divided into N equal parts. If 


then, the second weir is divided into 


N.H 

Hi 


equal parts, the parts 


in the second weir will be exactly similar to those of the first. 

By the principle of similarity, the discharge through each of 
the parts in the first weir will bo to the discharge in the second 

•pfi 

as — j , and the total discharge through the first weir is to the 

Hi* 

discharge through the second as 

N.H* H* 1 
N.H.H,* H,» «*■ 

H. 


Instead of two separate weirs the two cases may refer to the 
same weir, and the discharge for any head H is, therefore, pro- 
portional to* 11^ ; and since the flow is proportional to L 


Q = 0,L.H», 

in which C is a coefficient which should be constant. 


66. Beotangolor weir with end oontraotions. 

If the width of the channel as it approaches the weir is greater 
than the width of the weir, contraction takes place at each side, 
and the efCectual width of the stream or nappe is diminished ; the 
amount by which the stream is contracted at each side is practi- 
cally independent of the width and is a constant fraction of H, as 
explained above, or is equal to A;H, k being about 0*1, 

* See Example B, pa$e 2G0. 
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Xiet tbe total width of each weir be now divided into three 
parte, the width of each end part being equal to n.h.H. The 
width of the end parte of the transverse section of the stream will 
each be (n- 1) h . H, and the width of central part L- 2nAH. 

The flow tl^ugh the central part of the weir will be equal to 
Q, = 0(L-2nftH)Hl. 

How, whatever the head on the weir, the end pieces of the 
stream, siaoe the width is (»-l) JcK and h is a constant, will be 
mmilar figures, and, therefore, the flow through them can be 
exjffessed as 

The total flow is, therefore, 

Q = 0 (L - 2nAH) H* + 20. (n - 1) &HH*. 

If now Ci is assumed equal to C 

Q = C(L-2m)H*. 

If instead of two there axe N contractions, due to the weir 
being divided into several bays by posts or partitions, the formula 
becomes 

Q = 0(L-N01.H)H*. 

Ihis is Francis* formula, and by Thomson’s theory it is thus 
shown to be rational. 


67. Basin’s* formula for the discharge of a weir. 


The discharge through a weir with no side contraction may be 
written 


or 


Q=m«/2g.LH*, 
Q = mL is/2gK . H, 


the ooefiScient m being equal to 


C 


Taking Frauds’ value for G as 3‘33, m is then 0*415. 

From experiments on Bbarp-crested weirs with no side con* 
traction Bazin deduced for mt the value 


m 


0*405 + 


*00984 
H • 


In Table IX, and Fig. 77, are diown Bazin’s values for m tor 
different heads, and also those obtained by Bafter at Cornell upon 
a wdr Bimilftr to that used by Bazin, the maximum head in the 
Gomell e^>eriments being much greater than that in Bazin’s 
experiments. In Fig. 77 are also shown several values of m, as 
calculated by the author, from Francis’ experimental data. 


* Annalea dea Ponta et Ckauaaiea, 1888—1898. 
t KxperimoiitB on flaw OYar Weirs/* Yol. xxyix* 
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TABLE IX. 

Yalaes of the coefficient m in the formnla Q = mL s/2g 
WeiTi aharp-crestedi 6'56 feet mde with free oyerfall and lateral 
contraction suppressed, H being the still water head over the weir, 
or the measured head h* corrected for velocity of approach. 

Head in feet 0*104 
m 0*448 

or 


Rafter. 


Head !n feet 


0 

0-1 

0*4286 

8*487 

0*6 

0*4280 

8*892 

1*0 

0-4174 

8*846 

1*6 

0*4136 

8-817 

2*0 

0-4106 

8-298 

2*5 

0-4094 

8-288 

8*0 

0-4094 

8-288 

8*5 

0*4099 

8-288 

4*0 

0-4112 

8-298 

4*5 

0*4126 

8-808 

5*0 

0*4188 

8-815 

6*6 

0-4185 

8-816 

6*0 

0-4186 

8-817 


68. Bazin’s and the Oomell experiments on weirs. 

Bazin’s experinxents were made on a weirt 6*56 feet long 
having the approaching channel the same width as the weir, so 
that the lateral contractions were suppressed, and the discharge 
was measured by noting the time taken to fill a concrete trench of 
known capacity. 

The head over the weir was measured by means of the hook 
gauge, page 249. Side chambers were constructed and connected 
to the channel by means of circular pipos 0*1 m. diameter. 

The water in the chambers was very steady, and its level 
could therefore be accurately gauged. The gauges were placed 
5 metres from the weir. The maximum head over the weir in 
Bazin’s exxxeriments was however only 2 feet. 

The experiments for higher heads at Cornell University were 
made on a weir of practically the same width as Bazin’s, 6*^ feet, 
the other conditions being made as nearly the same as possible ; 
the maximum head on the weir was 6 feet. 

* See page t)0 

t AnnaUi des FoiUm tt CiMU$9^eip p. 445, VoL IX. 1691. 


BoC^in. 

0*828 0*656 0*984 1*812 1*64 1*968 

0*482 0*421 0*4lt 0*414 0*412 0*400 

. 0*00984 
in«<B0‘405+ — g — . 
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The resolts of these experimente, Kg. 77, Aow tl»t tlie 
cosfficient th diminislias and then increase!^ havings a Tnini mu i P 
value when H is between 2*5 feet and 3 feet. 



FrancLs^ » (Dedbux^ud by thd cuudthor) 

Fig. 77 . 

It is doubtful, however, although the experiments were made 
with great care and skill, whether at high heads the deduced 
ooeflicientB are absolutely reliable. 

To measure the head over the weir a 1 inch galvanised pipe 
with holes ^inch diameter and opening downwards, 6 inches 
apart, was laid across the channel. To this pipe were connected 
finch pipes passing through the weir to a convenient point below 
the weir where they could be connected to the gauges by rubber 
tubing. The gauges were glass tubes f inch diameter mounted 
on a frame, the height of the water being read on a scale 
graduated to 2 mm. spaces. 

69. Velocity of approach. 

It should be clearly understood that in the formula given, it 
has been assumed in giving values to the coefficient m, that H is 
the height above the sill of the weir of the still water surface. 
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In actual cases the water where the head is measured will have 
some velooit 7 , and due to this, the discharge over the weir will he 
increased. 

If Q is the actual discharge over a woir, and A is the area of 
the nivstream channel approaching the weir, the mean velocit 7 in 

the channel is v » ^ . 

There have been a number of methods suggested to take into 
account thia velocity of approach, the best perhaps being that 
adopted by Hamilton Smith, and Bazin. 

This consists in considering the equivalent still water head H, 
over the weir, os equal to 


h + 


o.u* 

29 


a being a coefficient detenninod by experiment^ and h the 
measured head. 

The discharge is then 

Q = (5), 


or 




Expanding (5), and remembering that is generally a small 


quantity. 


2gh‘ 
3 ac»\ 


Q^fnLhsm{l4Zh)' 


The velocity v depends upon the discharge Q to be determined 
and is equal to ^ . 

Therefore Q = mUij2gh ( 1 + 1 (6)- 

From five sets of experiments, the height of the weir above the 
bottom of the channel being different for each set, Bazin found 
the mean value of a to be 1*66. 

This form of the formula, however, is not convenient for use, 
since the unknown Q appears upon both sides of the equation. 

If, however, the discharge Q is expressed as 

Q = nLV2srA.ft, 

the coefficient n for any weir can be found by measuring Q and h. 

It will clearly be different from the coefficient m, since for tn 
to be used h has to be con’eoted. 

From his experimental results Bazin calculated n for various 
heads, some of which ore shown in Table X. 
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fiiUwtitoting tluB valoe of Q in the above fermnla^ 

Q » wiL& V^( 1 + 1 • " (7). 

Let fern* be called k. 

Ihen Q = mLh^2gh ^ 1 + ^2^*) • 

Or, when the vidth of channel of approach is eqnal to the 
width of the weir, and the height of the mil. Fig. 78, is p feet above 
the bed of the channel, and h the measured head, 

A-(h + p)L, 

and Q = + (8). 



Kg. 78. 


The mean value given to the coefficient Te by Bazin is 0*55, 
BO that 

+ 

This may be written 

Q « m{Lh ^/2grh, 


in which 




Substituting for m the value given on page 88, 

■00984\/,. -SSh* \ 






m, may be called the absolute coefficient of discharge. 


.( 10 ); 


The coefficient given in the Tables. 

It ^ould be clearly understood that in determining the values 
of f» as given in the Tab^ and in Fig. 77 the measured head h 
was corrected for velocity of approach, and in using thw 
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coefficient to determine Q, A miut first be corrected^ or Q 
onlcalaied from formula 9. 

fiaSer in determining the valaes of m from the Cornell ez> 
periments, increased the observed head ^ ^ only* instead of 

byl-eeg., 

Fteley and 8teams*, from their researches on the flow over 
weirs, found the correction necessary for velocity of approach to 
be from 


1*45 to 1-5 


2?- 


Hamilton Smith t adopts for weirs with end contractionB 
suppressed the values 

1-33 to 1*40^, 

2p’ 

and for a weir with two end contractions, 

W to 1-26 g. 


TABLE X. 

Coefficients n and m as calculated by Bazin from the formulae 
Q= «LV2jrAf 
and QsmL's/^H*, 

A being the head actually measured and H the head corrected for 
velocity of approach. 


Head 
h in feet 

Height of sill 

P in feet 

Ooefficient 

71 

Ckielfioient 

m 

0*164 

0*666 

6*560 

II 

66 

0*448 

0*984 

0*666 

6*560 

0*600 

0*421 

0*417 

1*640 

0*656 

6*560 

0*500 

0*421 

0*4118 


An example is now taken iUnstrating the method of dodnoing 
the coefficients n aud m from the result of an experiment, «.nd the 
difierenoe between them for a special case. 

ZxnmnU. In one of Bazin’s experiments the width of the weir and tht 
approaching channel were both 6*56 teet. The depth of the channel approaeluag 
the weir measure at a point 2 metres up stream from the weir was 7*544 fertiM 
the head measured over the weir, which maj be denoted bgr A, was 0*984 feet. The 
measured disoharge wae 81*8 cubic ft. per second. 

* Traruactiom Vol. xn. 

i Hydraulia* 
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The velocity at the eeotion where h wae meaenred, and which inay be called the 
velocity of approach was, therefore, 

Q __ 21-8 

*’®'7‘644 X 6-66' “ 7-644 x 666 
ss0*44 feet per second. 

If now the formula for £soharge be written 

(istnLj2gh»h^ 

and n is calculated from this formula by substituting the known values of 
O, L and h 

nsO-421. 

Correcting h for velocity of approach, 

HaA+i-eei^ 

dg 

ss'9888. 

Then QssmLj2gB..B., 


from which 


‘ 6 * 66 ^/ 2 p .•9888 


=0*415. 


It wiU seem from Table X that when the height p of the Rill of the weir above 
the stream bed is small compared with the head, the difference may be much 
larger than for this example. 

When the head is 1*64 feet and larger than p, the coefBoieut n is eighteen 
per cent, greater than m. In such cases failure to correct the coefficient wul lead 
to considerable inaccuracy. 


70. Influence of the height of the weir sill above the bed 
of the stream on the contraction. 

The nearer the sill is to the bottom of the stream, the less the 
contraction at the sill, and if the depth is small compared with H, 
the diminution on the contraction may considerably affect the 
flow. 

When the sill was 1*15 feet above the bottom of a channel, 
of the same width as the weir, Bazin found the ratio g (Fig. 85) 
to be 0*097, and when it was 3*70 feet, to bo 0*112. For greater 
heights than these the moan value of g was 0*13. 

71. Discharge of a weir when the air is not freely 
admitted beneath the nappe. Form of the nappe. 

Francis in the Lowell experiments, found that, by making the 
width of the channel below the weir equal to the width of the 
weir, and thus preventing free access of air to the underside of the 
nappe, the discharge was increased. Bazin*, in the experiments 
already referred to, has investigated very fully the effect upon 
the discharge and upon the form of the nappe, of restricting the 
free passage of the air below the nappe. He finds, that when the 
flow is sufficient to prevent the air getting under the nappe, it^hiay 
assume one of three distinct forms, and that the discharge for 

* ArmdUs dei Pontt et Chamtdes, 1^91 and ISOB 
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one of them may be 28 per cent, greater than when the air ia 
freely admitted, or the nappe is "free.” Which of these three 
forms the nappe assnmos and the amount by which the discharge 
is greater than for the “free nappe,” depends largely upon the 
head over the weir, and also upon the height of the weir above 
the water in the down-stream channoL 

The phenomenon is, however, very complex, the form of the 
nappe for any head depending to a very large extent upon 
whether the head has been decreasing, or increasing, and for a 
given head may possibly have any one of the three forms, so that 
the discharge is very uncertain. M. Bazin distinguishes the forms 
of nappe as follows : 

(1) Free nappe. Air under nappe at atmo^herio pressure, 
Figrs. 70 and 78. 

(2) Depressed nappo enclosing a limited volume of air at a 
pressure less than that of the atmosphere. Fig. 79. 

(8) Adhering nappe. No air enclosed and the nappe adher- 
ing to the down-stream face of the weir, hHg. 80. The nappe in this 
case may take any one of several f oiuus. 



Pig. 79. Pig. so. 

(4) Drowned or wotted nappe, Fig. 81. No air enclosed but 
the nappe encloses a mass of turbulent water which does not move 
with t^ nappe, and which is said to wet the nappe. 



Fig. SI. 
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72 . Depressed nappe. 

The air below the nappe being at less than the atmospheric 
pressure the excess pressure on the top of the nappe causes it to 
be depressed. There is also a rise of water in the down^stream 
channel under the nappe. 

The discharge is slightly greater than for a free nappe. On a 
weir 2*46 feet above the bottom of the up-stream channel, the 
nappe was depressed for heads below 0*77 feet, and at this head 
the coefficient of discharge was 1*08 mi, mi being the absolute 
coefficient for the free nappe. 

73 . Adhexing nappes. 

As the head for this weir approached 0*77 feet the air was 
rapidly expelled, and the nappe became vertical as in Fig. 80, its 
surface having a corrugated appearance. The coefficient of dis- 
charge changed from 1*08 mi to 1*28 mi. This large change in 
the coefficient of discharge caused the head over the weir to fall 
to 0*69 feet, but the nappe still adhered to the weir. 

74 . Drowned or wetted nappes. 

As the head was further increased, and approached 0*97 feet, 
the nappe came away from the weir face, assuming the drowned 
form, and the coefficient suddenly fell to 1*19 mi. As the head 
was further increased the coefficient diminished, becoming 1*12 
when the head was above 1*8 feet. 

The drowned nappes are more stable than the other two, but 
whereas for the depressed and adhering nappes the discharge is 
not affected by the depth of water in the down-stream channel, 
the height of the water may influence the flow of the drowned 
nappe. If when the drowned nappe falls into the down stream 
the rise of the water takes place at a distance from the foot of the 
nappe, Pig. 81, the height of the down-stream water does not affect 
the flow. On the other hand if the rise encloses the foot of the 
nappe, Pig, 82, the discharge is affected. Let ^2 bo the difference 
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of level of lihe sill of the weir and the water below the weir. The 
ooefficdeat of discharge in the first case is independent of ht hnt is 
dependent upon p the heigh|K>f the siU above the bed of the up* 
stream channel, and is 

(0-878+0'128|) (11). 

Bazin found that the drowned nappe oonld not be formed if h 
is less than 0*4 p and, therefore, ^ cannot be greater than 2*5. 

Substituting for mi its value 

from (10) page 92 

«t#= 0*470 + 0*0076^ 02). 

In the second case the coefficient depends upon K, and is, 

m . = mi (l-06 + O'le) - O’Os) | (18), 

for which, with a sufficient degree of approximation, may be 
substituted the simpler formula, 

m,=mi(l*05 + ri5^) (14). 

The limiting value of mo is 1*2 mi, for if becomes greater 
than h the nappe is no longer drowned. 

Further, the rise can only enclose the foot of the nappe when 
ha is less than (| p - h). As Ih passes ftiis value the rise is pushed 
down stream away from the foot of the nappe and the coefficient 
changes to that of the preceding case, 

76. Instability of the form of the nappe. 

The head at which the form of nappe changes depends upon 
whether the head is increasing or diminishing, and the depressed 
and adhering nappes are very unstable, an accidental admission 
of air or other interference causing rapid change in their form. 
Further, the adhering nappe is only formed under special circum- 
stances, and as the air is expelled the depressed nappe generally 
passes directly to the drowned form. 

If, therefore, the air is not freely admitted below the nappe 
the form for any given hoad is very uncertain and the discharge 
cannot be obtained with any great degree of assurance. 

With the weir 2*46 feet above the bed of the channel and 6*56 
feet long Bazin obtained for the same head of 0*656 feet, the four 
kinds of nappe, the coefficients of discharge being as follows: 
n. n. 7 
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Free nappe, 0*4S8 

Depressed napi)e, 0*460 

Drowned nappe, level of water down stream 
0*41 feet below the crest of the weir, 0*497 

Nappe adhering to down-stream face, 0*554 


The discharge for this weir while the head was kept constant, 
thus varied 26 per cent. 

76. Drowned weirs with sharp crests*. 

When the surface of the water down stream is higher than the 
sill of the weir, as in Fig. 83, the weir is said to be drowned. 



Bazin gives a formula for deducing the coefficients for such a 
weir from those for the sharp-edged weirs with a free nappe, which 
in its simplest form is, 

( 15 ), 

Tu being the height of the down-stream water above the sill of 
the weir, h the head actually measured above the weir, p the 
height of the sill above the up-stream channel, and mx the 
coefficient ((10), p. 92) for a sharp-edged weir. This expression 
gives the same value within 1 or 2 per cent, as the formulae (13) 
and (14). 

Example. The head over a weir ie 1 foot, and the heip[ht of the sill above the 
np-stream channel is 5 feet. The length is 8 feet and the surface of the water 
in the down-stream channel is 6 inches above the sill. Find the discharge. 

From formula (10), page 92, the coefficient nij for a sharp-edged weir with free 
nappe is 

* Attempts have been made to express the discharge over a drowned weir as 
equivalent to that tlu'ough a drowned orifice of an area equal to under a head 
% - hg , together with a discharge over a weir of length L when the head is A - 4^. 

The discharge is then 

n (A - + OT (A - Aj)^ , 

n and m being coefficients. Du Boat gave the formula 

and Monsionr Mary QsO'SAa ^/2p (A - A^^ head due to velocity of stream). 
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Therefon <4915 [1-06(1 +*021) 0-761] 

b-8440. 

Then Q^i‘S44x8^^.1* 

ss 22*08 oubio ft. per second. 

77. Vertical weirs of small thickness. 

Instead of making the sill of a weir sharp-edged, it may 
have a Sat sill of thickness c. This will frequently be the case in 
practice* the weir being constructed of timbers of uniform width 
placed one upon the other. The conditions of flow for these weirs 
may be very different from those of a sharp-edged weir. 

The nappes of such weirs present two distinct forms, according 
as the water is in contact with the crest of the weir, or becomes 
detached at the up-stream edge and leaps over the crest without 
touching the down-stream edge. In the second case the discharge 
is the same as if the weir were sharp-edged. When the head h 
over the weir is moro than 2c this condition is realised, and may 
obtain when h passes fc. Between those two values the nappe is 
in a condition of unstable equilibrium; when h is less than fc the 
nappe adheres to the sill, and the coefficient of discharge is 

fno-mi ^0*70 + 0*185 , 

any external perturbation such as the entrance of air or the 
passage of a floating body causing the detachment. 

If the nappe adheres between ^c and 2c the coefficient tUq varies 
from ‘98mi to l’07wi, but if it is free the ♦coefficient 
When H = ic, mo is ‘79mi, If therefore the coefficients for a 
sharp-edged weir are used it is clear the error may be con- 
siderable. 

The formula for mo gives approximately correct results when 
the width of the sill is great, from 3 to 7 feet for example. 

If the up-stream edge of the weir is rounded the discharge is 
increased. The discharge* for a weir having a crest 6*56 feet 
wide, when the up-stream edge was rounded to a radius of 4 inches, 
was increased by 14 per cent., and that of a weir 2*624 feet wide 
by 12 per cent. 

The rounding of the comers, due to wear, of timber eirs of 
ordinary dimensions, to a radius of 1 inch or less, will, therefore, 
affect the flow considerably. 

78. Depressed and wetted nappes for flat-crested weirs. 

The nappes of weirs having flat sills may be depressed, and 
may become drowned as for sharp-edged weirs. 

* Anmlen de» PunU et ChavMiti^ YoL zi. 1896. 


7—3 
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The ooeffieieni of clisoharge for the depressed nappes, whether 
the nappe leaps orer the crest or adheres to it, is practically the 
same as for the free nappes, being slightly less for low heads and 
* becomes greater as the head increases. In this respect they differ 
from the sharp-crested weirs, the ooefScients for which are always 
greater for the depressed nappes than for the free nappes. 

70. Drowned nappes for flat-orested weirs. 

As long as tho nappe adheres to the sill the coefficient m may 
be taken the same as when the nappe is free, or 

/'n.nn ^0-185h\ 
m® =«», f 0 70 + — ^ — j . 

When the nappe is free from the sill and becomes drowned, 
the same formula 

»i, = w,(o-878 + 0-128 1), 

as for sharp-crested weirs with drowned nappes, may be used. 
For a given limiting value of tho head h these two formulae give 
the same value of 77io« When the head is less than this limiting 
value, the former formula should be used. It gives values of m 
slightly too small, but the error is never more than 8 to 4 per cent. 
When the head is greater than the limiting value, the second 
formula should be usods The error in this case may be as 
great as 8 per cent. 

80. Wide flat-crested weirs. 

When the sill is veiy wide the surface of the water falls 
towards the weir, but the stream lines, as they pass over the weir, 
are practically parallel to the top of the weir. 

Let H be the height of the still water surface, and h the depth 
of the water over the weir. Fig. 84. 



Then, assuming that the pressure on the top of the nappe is 
atmospheric, the velocity of any stream line is 

1? “ V2sr (H - fc), 

and if L is the length of the weir, the discharge is 


( 16 ). 
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For the flow to be pormaneiit (eee page 106) Q most be a 
imximum for a given value of h, or ^ must oq.ual zero. 

Therefore 

From which 2(H-Jt)-A=0, 

and h = |H. , 

Substituting for K in (16) 

»0‘886L>/^.H = 3-08L\^.H. ■ 

The actual discharge will be a little less than this due to 
friction on the sill^ etc. 

Bazin found for a flat-crested weir 6*56 feet wide the coefficient 
m was 0*373, or 0 = 2*991. 

Lesbros’ experiments on weirs sufficiently wide to approximate 
to the conditions assumed, gave *35 for the value of the co« 
efficient m. 

In Table XI the coefficient C for such weirs varies from 2*G6 
to 8*10. 

81. Flow over dams. 

Weira of various forma. M. Bazin lias experimentally investi- 
gated the flow over weirs having (a) sharp crests and (5) flat 
crests, the up- and down-stream faces, instead of both being vertical, 
being 

(1) vertipal on the down-stream face and inclined on the 
up-stream face, 

(2) vertical on the up-stream face and inclined on the down^ 
stream face, 

(3) inclined on both the up- and down-stream faces, 
and (c) weirs of special sections. 

The coefficients vary very considerably from those for sharp- 
crested vertical weirs, and also for the various kinds of weirs. 
Coefficients are given in Table XI for a few cases, to show the 
necessity of the care to be exercised in choosing the coefficient for 
any weir, and the errors that may ensue by careless evaluation of 
tha coefficient of discharge. 

For a full account of these experiments and the ooeffioients 
obtained, the reader is referred to Bazinas* original papers, or to 
Rafter’B*f paper, in which also will be found the results of experi- 

* JfmaleM dea Ponta et Chnmaiea^ 1898. 
t Tranaacliona iM Vol. SLiv., 190QL 
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TABLE XL 

Values of tlie coefficient G in the fonnula Q = CL . for wein 
of the sections shown, for various values of the observed head h. 

Bazin, 
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3 XI {conimudd), 
Bazin. 


Head in feet 


D 

I'B 

2*0 

8*0 

4*0 

6*0 

60 

3-78 

8*90 






8*62 

8-78 







Rafter, 


Head in feet 


0*5 

10 

D 

20 

3*0 

4*0 

m 

6*0 

8*85 

8*68 

8*83 

3*77 

8*68 

8-70 

871 

3*71 

3*14 

8*42 

8*52 

8*61 

8*66 

3*06 

8*64 

3*68 

2*95 

8*16 

1 

8*27 

8*45 

8*56 

8*61 

8*65 

8*67 
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ments made at Cornell UmTersit 7 on the discharge of wdiB, similar 
to those used by Bazin and for heads higher than he used, and 
also weirs of sections approximating more closely to those of 
existing masonry dams^ used as weirs. From Bazin’s and Balter’s 
experimentSi curves of discharge for varying heads for some of 
these actual weirs have been drawn up. 

82. Form of wetr for accurate gauging. 

The uncertainty attaching itself to the correction to be applied 
to the measured head for velocity of approach, and the difficulty 
of making proper allowance for the imperfect contraction at the 
sides and at the sill, when the sill is near the bed of the channel 
and is not sharp-odgod, and the instability of the nappe and 
uncertainty of the form for any given head when the admission of 
air below^the nappe is imperfect, make it desirable that as far as 
possible, when accurate gaugings are required, the weir should 
comply with the following four conditions, as laid down by 
Bazin. 

(1) The sill of the weir must be made as high as possible 
above the bed of the stream. 

(2) Unless the weir is long compared with the head, the 
lateral contraction should be suppressed by making the channel 
approaching the weir with vertical sides and of the same width as 
the weir. 

(3) The sill of the weir must be made sharp-crested. 

(4) Free access of air to the sides and under the nappe of 
the weir must be ensurod. 

83. Boussinesq’s* theory of the discharge over a weir. 

As stated above, if air is freely admitted below the nappe of 
a weir there is a contraction of the stream at the sharp edge of the 
sill, and also due to the falling curved surface. 

If the top of the sill is well removed from the bottom of the 
channel, the amount by which the arched under side of the nappe 
is raised above the sill of the weir is assumed by Boussinesq — and 
thia SiBsamption has been verified by Bazin’s experiments — to be 
some fraction of the head H on the weir. 

Let OD, Fig. 85, be the section of the vein at which the 
Tnn.YT-mnTw rise of the bottom of the vein occurs above the sill, and 
let 6 be the height of D above S« 

Let it be a 43 sumed that through the section OD the stream 
lines are moving in curved paths normal to the sectioni and that 
they have a common centre of curvature 0. 

^ JienduMf 18S7 and 1889. 
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liet H be tlie heiglit of tHe surface of the water up stream 
above the silL Let B be the radius of the stream line at any 
point E in CD at a height 0 above S, and Ba and Bs the radii of 
curvature at D and 0 respectively. Let V, Vi and V* be the 
velocities at E, and 0 respectivoly. 



Fig. 65. 


Consider the equilibrium of any element of fluid at the point 
the thickness of which is SB and the horizontal area is a. If to 
is the weight of unit volume, the weight of the element is w . aSB. 
Since the element is moving in a circle of radius B the ceutri- 

V*SB 

fugal force acting on the element is wa lbs. 

The force acting on the element due to gravity is toaSB lbs. 
Let p bo the pressure per unit area on the lower face of the 
element and p + Sp on the upper face. 

Then, equating the upward and downward forces, 

(p + op)a + toaoB = pa+ — — . 

Frornwhich 

Assuming now that Bemouilli’s theorem is applicable to the 
stream line at EF, 

» + ® +^ = H. 

w 2g 

Differentiating, and remembering H is constant, 

to g * 
todi g.d»’ 
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. j . dp dp 

,, , V*_ VdV 

tli6r6ior6 • 

or HdV + VdR = 0, 

Integrating, VR = constant. 

Therefore VR = ViRi = VaR®. 

At the upper and lower surfaces of the vein the pressure is 
atmospheric, and therefore, 

V. = > /2g(H-e), 

. V* = s/2g (H -ht—e). 

Since VR = ViRi, and R from the figure is (Ri + os - s), therefore, 

TT _ . /o _ /TT Ri /n\ 


/2p(H-e) 


Ri + a-e 


The total flow over the weir is 


=V2HH-e5Rxlog^^l^ (8). 

Now if the flow over the weir is permanent, the thickness Jh of 
the nappe must adjust itself, so that for the given head H the 
discharge is the maximum possible. 

The maximum flow however can only take place if each 

filament at the section GF has the maximum velocity iwssible to 

the conditions, otherwise the filaments will be accelerated; and 

for a given discharge the thickness ho is therefore a minimum, or 

for a given value of ho the discharge is a maximum. That is, when 

^ . . dQ /> 

Q IS a maximum, = 0. 

If therefore Ri can be written as a function of Ao, the value of 
hof which makes Q a maximum, can be determined by differ- 
entiating (3) and equating ^ to zero. 


Then, since 


Ra = Ri + Hqo 
TJ _ ^ho 

— TL — e — Jh 
H-e • 
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Therefore, h* = (H — e) (1 - »*), 

and Ei = »(l + «) (H-e). 

Sabstituting this 7alae of Bi in the expression for Q, 

which, since Q is a maximum when = 0, and A is a function 

of n, is a maximum when ^“0* 

Differentiating and equating to zero, 

(1 + 2») log i — (1 + «) = 0, 
the solution of which gives 

« = 0-4086, 

and therefore, Q = 0'5216 ^/^ (H — e)* 


= 0-5216 >72^(1-^)* 


n* 


= 0-5216 (l-~yN/2p.H* 

= m . H*, 

the coefficient m being equal to 


0-5216 




M. Bazin has found by actual measurement, that the mean 
value for g, when the height of the weir is at considerable 
distance from the bottom of the channel, is 0'13, 


Then, 


(l-S)'. 0 - 812 . 


and m = 0-423. 

It will be seen on reference to Fig, 77, that this value is very- 
near to the mean -value of m as given by Francis and Bazin, and 
the Cornell experiments. Giving to g the value 32-2, 

Q = 8-89 H* per foot length of the weir. 

If the length of the weir is L feet and tiiere are no end OOU' 
tractions the total discharge is 

Q = 8-30L.H>, 

and if there are N contractions 

Q = 3-39(L-N0-lH)n». 
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The ooeffident 8*39 agrees remarkably well with the mean 
value of C obtained from experiment. 

The valne of a theory must be measured by the closeness of 
the xesolts of experience with those given by the theory, and in 
this reqpect Bonssinesq’s theory is the most satisfactory, as it not 
only, in common with the other theories, shows that the flow is 
proportional to but also determines the value of the 
constant C. 

Solving for Q, by approximation, when the veloolty 
of approach is unknown. 

A simple method of determining the discharge over a weir 
when the velocity of approach is unknown, i^ by approximation, 
as follows. 

Let A be the cross-sectional area of the channel. 

First find an approximation to Q, without correcting for 
velocity of approach, from the formula 

Q = mLh •J2gh. 

The approximate velocity of approach is, then^ 



and H is approximately 

A + 

A nearer approximation to Q can then be obtained by sub- 
stituting H for h, and if necessary a second value for v can be 
found and a still nearer approximation to H. 

In practical problems this is, however, hardly necessary. 



Example, A wdr without end oontraotions has a lenpth of 16 feei The head 
as measured on the weir is 2 feet and the depth of the ohannel of approach below 
the sill of the weir is 10 feet. Find the discharge. 


Therefore 

Approximately, 

The veloeitj 


ffi»0'405+ 

Ga:3«28. 


■00964 

“ 2 — 


•4099. 


QsS'SS 2I.I6 
sl48 oubio feet per second. 


*“laxi6“ 


•77 ft. per see.. 


Ud 

A second approximation to Q therefore, 

Q=8*88 (9-0147)1. 16 
a&lSO cubic feet per second. 

A third value for Q can be obtained, bat the approximation Is snlBclenily near 
lor all ptMtioal purposes. 

In thin case the error in neglecting the Tdooity of approach altogether, is 
probably less than the error involved in taking m as 0'40U9. 
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86. 'inme Teqiiired to lower the waiter in a reaerrolr a 
ghrm dtatanoe 1^ means of a weir. 


A reBerroir has a weir of length L feet made in one of its 
and haying its sill H feet below the original level of the water in 
the reservoir. 

It is required to find the time necessary for the water to fall to 
a level H« feet above the sill of the weir. It is assumed that the 
area of the reservoir is so large that the velocity of the water as 
it approaches the weir may be neglected. 

When the surface of the water is at any height h above the sill 
the flow in a time dt is 

dq=Oljhht 

Let A be the area of the water surface at this level and dh the 
distance the surface falls in time dt. 


Then, 

and 


GJjhht^Adh, 
' Adk 


The time required for the surface to fall (II -IL) feet is, 
therefore, 

.1 /•« Adh 

L i H. Ch* ’ 

The coefficient C may be supposed constant and equal to 8‘34 
If then A is constant 

. _ A ^ 

2A/ 1 1 \ 

"CLWu'o 


To lower the lovcl to the sill of the weir, Ho must be made 
equal to 0 and t is then infinite. 

That is, on the assumptions made, the surface o£ the water 
never could be reduced to the level of the sill of the weir. The 
time taken is not actually infinite as the water in the reservoir is 
not really at rest, but has a small velocity in the direction of the 
weir, which causes the time of emptying to be less than that 
given by the above formula. But although the actual time is 
not infinite, it is nevertheless very great. 

2A 

When Ho is JH, t - * 

6A 

When Ho is i « 

So that it takes three times as long for the water to fall frons 
JH to ^H as from H to JH. 
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Example 1. A reservoir has an area of CO, 000 sq. yards. A wdr 10 feet long ^ 
has its sill 2 feet below the surfaoe* Find the time required to reduce the levdl of 
the water 


Ho=A', H=2'. 


Therefore 


^_2. 640,000 
3*34.10 
2^40.000 
8-84. 10 


(3 *46 -•0*708). 
.2-762 


s 89,000 sees. 

* as 24-7 hours. 

So that, neglecting velocity of approach, there will be only one inch of water on 
the weir after 24 hours. 


Example 2. 
15 hours. 


Therefore 
From which 


To find in the last example the discharge from the reseryoir in 


t= 

5i,000= 


2. A / JL_ 1 \ 
CL 

2A / 1 1 \ 


Vh>Q-421, 


H,= 0*176 feet 


The disoharge is, therefore, 

(2 - 0-176) 640,000 oubio feel 
s 984,960 oubio feet. 


EXAMPLES. 

(1) A weir is 100 feet long and the head is 9 inches. Find the discharge 
in c. ft. per minute. 0=3*84. 

(2) The discharge through a sharp-edged rectangular weir is 600 
gallons per minute, and the still water hoad is 2^ inches. Find the effective 
length of the weir. *43. 

(8) A weir is 16 feet long and the head over the crest is 15 indies. 
Find the discharge. If the velocity of approach to this weir were 5 feet 
per second, what would be the discharge ? 

(4) Deduce an expression for the discharge through a right-angled 
triangular notch. If the head over apex of notch is 12 ins., find the 
discharge in c. ft. per sec. 

(5) A rectangular weir is to discharge 10,000,000 gallons per day 
(1 gallon =10 lbs.), with a normal head of 16 ins. Find the length of the 
weir. Choose a coe£6cient, stating for what kind of weir it is applicable, 
or take the coefficient 0 as 8*88. 

(6) What is the advantage in ganging, of using a weir without end 
contractions ? 

(7) Deduce Francis' formula by means of the Thomson principle of 
similarity. 

Apply the formula to calculate the discharge over a weir 10 feet wide 
under a head of 1*2 foet, assuming one end contraction, and neglecting the 
effect of the vdocity of approach. 
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A rainfall of ^ inch par hotir is discharged from a catchment area 
of 6 square miles. Find the still water head when this volvune flows OTer 
a weir with free overfall 80 feet in length, constructed in six bays, each 
5 feet wide, taking 0*415 as Ba^’s coefficient. 

(^1[0) A district of 6500 acres (1 acreB48,560 sq. ft.) drains into a large 
storage reservoir. The maximum rate at which rain falls in the district is 
2 ins. in 24 hours. When rain falls after the reservoir is full, the water 
requires to be discharged over a weir or bye-wash which has its crest at 
the ordinary top- water level of the reservoir. Find the length of such a 
weir for the above reservoir, under the condition that the water in the 
reservoir shall never rise more than IS ins. above its top-water level. 

The top of the weir may be supposed flat and about 16 inches wide 
(see Table XI). 

(10) Compare rectangular and V notches in regard to accuracy and 
convenience when there is considerable variation in the flow. 

In a rectangular notch 50" wide the still water surface level is 15" above 
the sill. 

If the same quantity of water flowed over a right-angled V notch, what 
would be the height of the still water surface above the apex ? 

If the channels are narrow how would you correct for velocity of 
approach in each case? Lon. Un. 1906. 

(11) The heaviest daily record of rainfall for a catchment area was 
found to be 42*0 million gallons. Assuming two-thirds of the rain to reach 
the storage reservoir and to pass over the waste weir, And the length of 
the sill of the waste weir, so that the water shall never rise more than two 
feet above the sill. 


(12) A weir is BOO yards long. What is the discharge when the head 
is 4 foot ? Take Bazin’s coefficient 


ms *405 + 


•00984 


(18) Suppose the water approaches tho weir in the last question in a 
channel 8' deep and 500 yards wide. Find by approxinouitian the dis- 
charge, taking into account the velocity of approach. 

(14) The area of tho water surface of a reservoir is 20,000 square 
yards. Find the time required for the surface to fall one foot, when the 
water discharges over a sharp edged weir 5 feet long and the original head 
over the weir is 2 feet. 


^(15) Find, from the following data, the horse-power available in a given 
waterfall 

Available height of fall 120 feet. 

A rectangular notch above the fall, 10 feet long, is used to moasure 
the quantity of water, and the mean head over the notch is found to be 
15 inches, when the velocity of approach at the point where the head 
is measured is 100 feet per mmute. Lon. Un. 1905. 
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FLOW THBOUOH PIPES. 

66. Beststsuxces to the motion of a fluid in a pipe. 

When a fluid js made to flow through a pipe, certain resistanoeB 
are set up which oppose the motion, and energy is consequently 
dissipated. Energy is lost, hy friction, due to the relative motion 
of the water and the pipe, by sudden enlargements or contractions 
of the pipe, by sudden changes of direction, as at bends, and by 
obstacles, such as valves which interfere with the free flow of the 
fluid. 

It will be necessary to consider these causes of the loss of 
energy in detafl. 

Loss of head. Before proceeding to do so, however, the student 
^ould be reminded that instead of loss of energy it is convenient 
to speak of the loss of head. 

It has been shown on page 39 that the work that can be 
obtained from a pound of water, at a height z above datum, 
moving with a volooily v foot per second, and at a pressure head 

is 2 + ^ + a foot pounds. 

. w’ w 2g 

If now water flows along a pipe and, due to any cause, h foot 
pounds of work are lost per pound, the available head is clearly 
diminished by an amount h. 

In Fig. 86 water is supposed to be flowing from a tank through 
a pipe of uniform diameter and of considerable length, the end B 
being open to the atmosphere. 
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Let ^ be the head due to the atmospheric pressure. 

Then if there were no resistances and assuming stream line 
flow, Bernoulli’s equation for the point B is 


w 2g ' w • 


from which 
or 




5^ = Z.-Zb = H, 


^9 


Vb 




The whole head H above the point B has therefore been 
utilised to give the kinetic energy to the water leaving the pipe at 
B. Experiment would show, however, that the mean velocity of 
the water would have some value v less than vbi and the kinetic 

energy would be 

Ahead = 

2g 2g 2g 

has therefore been lost in tho pipe. 

By carefully measuring H, the diameter of the pipe and the 
discharge Q in a given time, tho loss of head h can be determined. 


For 



and therefore 



The head h clearly includes all causes of loss of head, which, 
in this case, are loss at the entrance of the pipe and loss by 
friction. 


87. Loss of head by friction. 

Suppose tubes 1, 2, 3 are fitted into the pipe AB, Fig. 86, at 
equal distance apart, and with their lower ends flush with the inside 
of tljG pipe. If flow is ])revonted by closing tho end B of the pipe, 
the water would rise in all the tubes to the level of tho water in 
tho reservoir. 

Further, if the flow is regulated at B by a valve so that the 
mean velocity through the pipe is v feet per second, a pormanent 
regime being established, and the pipe is entirely full, the mean 
velocity at all points along the pipe will be the same ; and there- 
fore, if between the tank and the point B there were no resistances 
oflered to the motion, and it bo assumed that all tho particles 

8 


un. 
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haye a yelociiy equal to the mean, velodiy, tiie water would again 
rise in all the tubes to the same height, but now lower than the 

BTuriEaoe of the water in the tank by an amount equal to 

It is found by experiment, however, that the water does not 
rise to the same height in the three tubes, but is lower in 2 than 
in 1 and in 8 than in 2 as shown in the figure. As the fluid moves 
along the pipe there is, therefore, a loss of head. 

The difference of level h% of the water in the tubes 1 and 2 is 
called the head lost by friction in the length of pipe 12. In any 
length I of the pipe the loss of head is h. 

This head is not wholly lost simply by the relative movement 
of the water and the surface of the pipe, as if the water were 
a solid body sliding along the pipe, but is really the sum of the 
losses of energy, by friction along the surface, and due to relative 
motions in the mass of water. 

It will be shown later that, as the water flows along the pipe, 
there is relative motion between consecutive filaments in the pipe, 
and that, when the velocity is above a certain amount, the water 
has a sinuous motion along the pipe. Some portion of this head 
is therefore lost by the relative motion of the filaments of water, 
and by the eddy motions which take place in the mass of the 
water. 

When the pipe is uniform the loss of hoad is proportional 
to the length of the pipe, and the line CB, drawn through the tops 
of the columns of water in the tubes and called the hydraulic 
gradient, is a straight lino. 

It should be noted that along GB the pressure is equal to that 
of the atmosphere. 


88. Head lost at the entrance to the pipe. 

For a point E just inside the pipe, Bernoulli’s equation is 

^ + headlost at entrance to the pipo = fcA + ^, 


w 




^ being the absolute pressure head at E. 

The head lost at entrance has been shown on page 70 to be 
about ^^“9 therefore, 

V) w 2g 

That is, the point C on the hydraulic gradient vertically above 
E, is = 71 — below the surface FD. 
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If tlie pipe is bell-montihed, there will be no head lost at entrance, 
and the point C is a distance eqnal to ^ below the surface. 

89. Hydraulic gradient and virtual slope. 

The line GB joining the tops of the columns of water in the 
tube> is called the hydraulic gradient, and the angle { which it 
xua^es with the horizontal is called the slope of the hydraulic 
gradient, or the virtual slope. Thd angle i is generally small, and 

sint may be taken therefore equal to % so that ^ 

In what follows the virtual slope ^ is denoted by t. 

More generally the hydraulic gradient may be defined as the 
line, the vertical distance between which and the centre of the 
pipe gives the pressure head at that point in the pipe. This line 
will only be a straight line between any two points of the ’pipe^ 
when the head is lost uniformly along the pipe. 

If the pressure head is measured above the atmospheric 
pressure, the hydraulic gradient in Fig. 87 is AT) , but if above 
zero, AaDi is the hydraulic gradient, the vertical distance between 

AD and AiDi being equal to being the atmospheric 

pressure per sq. inch. 



If the pipe rises above the hydraulic gradient AD, as in Fig. 87, 
tho pressure in the pipe at C will be less than that of the atmosphere 
by a head equal to CE. If the pipe is perfectly air-tight it will 
act as a siphon and the discharge for a given length of pipe will 
not be altered. But i£ a tubo open to the atmosphere be fitted at 

8— —SI 
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the highest point, the pressure at C is equal to the atmospheric 
pressure, and the hydraulic gradient will be now AO, and the flow 
will be diminished, as the available head to overcome the resist- 
ances between B and 0, and to give velocity to the water, will only 
be OF, and the part of the pipe OD will not be kept full. 

In practice, although the pipe is closed to the atmosphere, yet 
air will tend to accumulate and spoil the siphon action. 

As long as the point 0 is below the level of the water in the 
reservoir, water will flow along the pipe, but any accumulation of 
air at 0 tends to diminish the flow. In an ordinary pipe line it is 
desirable, therefore, that no point in the pipe should be allowed to 
rise above the hydraulic gradient. 

90. Determination of the loss of head due to friction. 
Reynolds’ apparatus. 

Pig. 88 shows the apparatus as used by Professor Reynolds* for 
determining the loss of head by friction in a pipe. 



Fig. 68. Reynolds* apparatus for detorminlng loss of head by friction in a pipe. 

A horizontal pipe AB, 16 feot long, was connected to the water 
main, a suitable regulating device being inserted between the 
main and the pipe. 

At two points 5 feet apart near the end B, and thus at a distance 
sufficiently removed from the point at which the water entered 
the pipe, that any initial eddy motions might be destroyed and a 
steady regime established, two holes of about 1 mm. diameter were 
pierced into the pipe for the purpose of gauging the pressure, at 
these points of the pipe. 

Short tubes were soldered to the pipe, so that the holes 
communicated with these tubes, and these were connected by 

* PhiU Trans. ISSS, or VoL it Scientific Papers, Reynolds. 
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indiarubboT pipes to tbe limbs of a sipbon gauge G, made of glass, 
and which contained mercury or bisulphide of carbon. Scales 
were fixed behind the tubes so that the height of the columns 
in each limb of the gauge could be read. 

For very small differences of level a cathetometer was used*. 
When water was made to flow through the pipe, the difference in 
the heights of the columns in the two limbs of the siphon measured 
the difference of pressure at the ti!^o points A and B of tho pipe, 
and thus measured the loss of head due to friction. 

If « is the specific gravity of the liquid, and H the difference 
in height of the columns, the loss of head due to friction in feet of 
water is = H (s - 1). 

The quantity of water flowing in a timo t was obtained by 
actual measurement in a graduated flask. 

Galling v the mean velocity in the pipe in feet per second, Q 
the discharge in cubic feet per second, and d the diameter of the 
pipe in feot, 



The loss of head at different velocities was carefully measured, 
and the law connecting head lost in a givon length of pipe, with 
the velocity, determined. 

The results obtained by Reynolds, and others, using this 
method of experimenting, will be reierred to later. 

91. Equation of flow in a pipe of uniform diameter 
and determination of the head lost due to friction. 

Let dl be tho length of a small clement of pipe of uniform 
diameter. Fig. 89. 

A 



Fig. 89. 

Let the area of the transverse section be <«>, P tbe length of 
the line of contact of the water and the surface on this section, or 
the wotted perimeter, a the inclination of tho pipe, p the pressure 
per unit area on AB, and p -9p the pressure on CD. 

♦ p. 258, VoU 1. Scientific Papm, Beynolds. 
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Let e be the mean velocity of the fluid, Q the flow in Ctilbio 
feet per second, and w the weight of one cubic foot of the fluid. 

The work done by gravity as the fluid flows from AB to OD 
- Qv; .ds « CD . V . ti» ,3s. 

The work done on ABCD by the pressure acting upon the area 
AB 

= p . CD • u ft. lbs. per sec. 

The work done by the pressure acting upon CD against the 
flow 

a (p-3p) .cD.v ft. lbs. per sec. 

The frictional force opposing the motion is proportional to the 
area of the wetted surface and is equal to F . P • 32, where F is some 
coefiicient which must be determined by experiment and is the 
frictional force per unit area. The work done by friction per sec. 
is, therefore, F . P . . i?. 

The velocity being constant, the velocity head is the same at 
both sections, and therefore, applying the principle of the con- 
servation of energy, 


or 


p.«tt.-i; + cD,t7.to.3« = (p - dp) CD . V + P . P , 32 ,ti. 
Therefore cd , tfj . 3s = -3p . cd + F . P , 32, 

j dp , ¥ .F *dl 

W W»<0 


Integrating this equation between the limits of z and Si, p and 
Pi being the corresponding pressures, and I the length of the pipe. 


Z-Zi 


©-2 + 


w w 


F.P I 

W CD * 


Therefore, 2. + 2 ; = £i + j 5 ^ + L£ L , 

^ W W W CD 


FP2 

The quantity is equal to h/ of equation (1), page 48, and is 

the loss of head due to friction. The head lost by friction is 
therefore proportional to the area of the wetted surface of the pipe 
P2, and inversely proportional to the cross sectional area of the 
pipe and to the density of the fluid. 


92. Hydraulic mean depth. 

The quantity ^ is called the hydraulic radius, or the hydraulic 
mean depth. 

If then this quantity is denoted by m, the head h lost by 
friction, is 


F2 

w.m 
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^The* quantity F, which has been called above the friction per 
unit areai is found by exporiments to vary with the density, 
visoosityi and velocity of the fluid, and with the diameter and 
roughness of the internal surface of the pipe. 

In Hydraulics, the fluid considered is water, and any variations 
in density or viscosity, due to changes of temperature, are generally 
negligible. F, therefore, may be taken as proportional to the 
density, or to the weight w per cubic foot, to the roughness of the 
pipe, and as some function, f(v) of the mean velocity, and f{d) of 
the diameter of the pipe. 

Then, h =» 

in which expression /a may be called the coefficient of friction. 

It will be seen later, that the mean velocity v is different from 
the relative velocity u of the water and the surface of the pipe, 
and it probably would be better to express F as a function of u, 
but as u itself probably varies with the roughness of the pipe and 
with other circumstances, and cannot directly be determined, it 
simplifies matters to express F, and thus h, as a function of v. 




93. Empirical formulae for loss of head due to Motion. 

The difficulty of correotly determining the exact value of 
f(v) /(d), has lod to the use of empirical formulae, which have 
proved of great practical service, to express tho head h in terms of 
the velocity and the dimensions of tho pipe. 

Tlie simplest * formula assumes that the friction simply varies as 
the square of the velocity, and is independent of the diameter of 
the pipe, or /a f(v) f(d) = av\ 

Then, h = — (1), 


or writing ^ for a, 


, vH 


from which is deduced the well-known t Ohezy formula, 


tJ = 0 •Jmi. 

Another form in which formula (1) is often found is 

2g m* 


See Appendix, pages 6C8 and 565. 


t See also pages 881-238. 
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or Eo&oe w = ^ for a circular pipe full of water, 


2g.d 


.( 3 ), 


f 

in which for a of (1) is substituted 


The quantity 2g was introduced by Weisbach so that h is 
expressed in terms of the velocity head. 

Adopting either of these forms, the values of the coefficients 0 
and /are determined from experiments on various classes of pipes. 


It should be noticed that G 



Values of these constants are shown in Tables XIT to XIV for 
different kinds and diameters of pipes and different velocities* 


TABLE Xn. 


Values of 0 in the formula v-0 *^1 for new and old cast-iron 
pipes. 



New cast-iron pipes 

Old cast-iron pipes 

Telocities in ft. per second 

D 

8 

6 

10 

0 

8 

6 

10 

Diameter of pipe 









V 

95 

98 

100 

102 

68 

68 

71 



96 

101 

104 

106 

69 

74 

77 


r 

98 

106 

109 

112 

73 

78 

80 


12" 

100 

108 

112 

117 

77 

82 

85 


16" 

102 

110 

117 

122 

81 

86 

89 

91 

18" 

105 

112 

119 

125 

86 

91 

94 

97 

24" 

111 

120 

126 

181 

92 

98 

101 

104 

80" 

118 

126 

181 

186 

98 

108 

106 

109 

86" 

124 

BSi 

186 

140 

108 

108 

111 

114 

42" 

180 


140 

144 

105 

111 

114 

117 

48" 

185 

141 

145 

148 

106 

112 

116 

118 

60" 

142 

147 

160 

152 






For method of determining the values of C given in the tables, 
BOO page 132. 

On reference to these tables, it will be seen, that 0 and / are 
by no means constant, but vary very considerably for different 
kinds of pipes, and for different values of the velocity in any 
given pipe. 
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The fact that C varies with the velocity, and the diameter of 
the pipe, snggests that the coefficient C is itself some function of 
the velocity of flow, and of the diameter of the pipe, and that 
/*/(«) /(d) does not, therefore, equal at;*. 


TABLE Xm. 


Values of /in the formula 




2ijd 



New cast-iron pipes 

Old cast-iron pipes 

Yolocities in 
ft.por Becoud 

1 

3 

c 

10 

1 

3 

. 6 

10 

Diam. of pipe 
8'' 

•0071 

•0067 

•0064 



•0139 

•0128 



giliV 

•0068 


Kviiil 

•0135 

•0117 

•0108 

•0103 

9^ 

1 -0067 

•0058 

•0055 


•0122 

•0105 

•010 


12" 

mmm 

•0050 

•0051 

•0048 

•0108 

•0096 

•0089 


1/5" 

MiTiima 

•0058 

•0048 

•0048 

•0099 

•0087 

•0081 


18" 

•0058 

•0051 


•0041 

•0087 

•0078 

-0073 


24" 

•0053 

•0045 


*0037 

•0076 

•0007 

•0063 


30" 

wmim 

•0040 

•0037 

•0035 

•0007 

•0061 

•0057 

•00.55 

86" 

•0012 

•0037 


•0033 

•0061 

•0056 

•0052 

•0050 

42" 

•00.38 

•0035 

•0033 

•0031 

•0058 

•0052 

•005 

•0048 

48" 

•0030 

•0032 


•0029 

•0057 

•0051 

•0049 


60" 

•0032 

■jH 

•0029 

•0028 






TABLE XIV. 

Values of G in the formula t; = C •/vn for stoel riveted pii>es. 


Velocities in ft. per second 

B 

3 

5 

10 

Diameter of pipe 

8" . 

81 

86 

89 

92 

11" 

92 

102 

107 

115 

Ilf" 

15^ 

93 

99 

102 

105 

109 

112 

114 

117 

88" 


118 

118 

113 

42" 

mm 

106 

108 

111 

48" 


105 

105 

106 

72"* 

mm 

110 

111 

111 

72" 

Kl 

101 

105 

110 

108" j 


109 

106 

104 


* Bee pages 184 and 187. 
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94* Formula of Darcy* 

In 1857 Barc7^ publislied an account of a series of experiments 
on flow of water in pipes^ previous to the publication of whichy it 
had been assumed by most writers that the friction and consequentljr 
the cozistant G was independent of the nature of the wetted surface 
of the pipe (see page 232). He^ however, showed by experiments 
upon pipes of various diameters and of different materials, 
including wrought iron, sheet iron covered with bitumen, lead, 
glass, and new and old cast-iron, that the condition of the internal 
surface was of considerable importance and that the resistance was 
by no means independent of it. 

He also investigatod the influence of the diameter of the pipe 
upon the resistance. The results of his experiments he expressed 
by fj-ganmiTig the coefficient a in the formula 



was of the form 

T 

r being the radius of the pipe. 

For new cast-iron, and wrought-iron pipes of the same 
roughness, Darcy’s values of a and P when transferred to English 
units are, 

a«0-000077, 

/? = 0*000003235. 

For old cast-iron pipes Darcy proposed to double these values. 
Substituting the diameter d for the radius r, and doubling /3, for 


new pipei^ 


*-(0000077*?™^ I' 

-000000647 


u«=394> 


T-r-^ •Jmi, 


or 12(i + l ^ 



Substituting for m its value and multiplying and dividing 
^y2g, / 1 \ *47 

^. 0 * 005(1 ( 6 ). 

For old oast-iron pipes, 

h = 0-00001294 ^ 

ro- 

* ntchtfchtB Ex^TimentaU$. 
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Or. ^/mi (8) 

w- 


As the student cannot possibly retain, -without unnecessary 
labour, values of f and G for different diameters it is convenient 
to remember the simple forms, 

for new pipes, and 

for old pipes. 

According to Darcy, therefore, the coefficient 0 in the CJhezy 
formula varies only with the diameter and roughness of the pipe. 

The values of G as calculated from his experimental results, for 
some of the pipes, were practically constant for all velocities, and 
notably for those pipes which had a comparatively rough internal 
surface, but for smooth pipes, the value of C varied from 10 to 
20 per cent, for the same pipe as the velocity changed. The 
experiments of other workers show the same results. 

The assumption that = av* in which a is made to 

vary only with the diameter and roughness, or in other words, the 
assumption that h is proportional to is therefore not in general 
justified by experiments. 

96. As stated above, the formulae given must be taken as 
purely empirical, and though by the introduction of suitable 
constants they can be made to agree vrith any particular experi* 
ment, or even set of experiments, yet none of them probably 
expresses truly the laws of fluid friction. 

The formula of Ohezy by its simplioity has found favour, and 
it is likely, that for some time to come, it will continue to be used, 
either in tho form u * 0 or in its modified form 



In making calculations, values of 0 or/, which most nearly suit 
any given case, can be taken from the tables. 

96. Variation of C In the formula v s C Jm! with servloe. 

It db.ould be clearly borne in mind, however, that the dis- 
charging capacity of a pipe may be considerably dinoinished after 
a few years’ service. 

Darcy’s results diow that the loss of head in an old pipe may 
be doable that in a new one, or since the velocity v is tc^en as 
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proportional to the square root of the discharge of the old pipe 
for the same head will be ^ times that of the new pipe^ or about 


80 per cent, less. 

An experiment by Sherman *on a 86-inch cast-iron main showed 
that after one year’s service the discharge was diminished by 
23 per cent., but a second year’s service did not make any farther 
alteration. 

Experiments by Kuichlingt on a 30-inch cast-iron main diowed 
that the discharge during four years diminished 36 per cent., while 
experiments by Fitzgerald t on a cast-iron main, coated with tar, 
which had beeji in use for 16 years, showed that cleaning increased 
the discharge by nearly 40 per cent. Fitzgerald also found that 
the discharge of the Sudbury aqueduct diminished 10 per cent, in 
one year due to accumulation of slime. 

The experiments of Marx, Wing, and Hoskins § on a 72-inoh steel 
main, when new, and after two years’ service, showed that there 
had been a change in the condition of the internal surface of the 
pipe, and that the discharge had dimiiushed by 10 per cent, at low 
velocities and about 5 per cent, at the higher velocities. 

If, therefore, in calculations for pipes, values of C or /are used 
for new pipes, it will in most cases be advisable to make the pipe 
of such a size that it will discharge under the given head at least 
from 10 to 30 per cent, more than the calculated value. 


97. Ganguillet and Kutter’s formula. Bazin formula. 
Ge»nguillet and Kutter endeavoured to determine a form for 


the coeflScient C in the Chezy formula v = C\/mi, applicable 
to all forms of channels, and in which 0 is made a function of the 
virtual slope % and also of the diameter of the pipe. 

They gave 0 the value, 

. 1-811 . 0*00281 
41 O + + ; 


c = . 


n 


i + (4r6 + 


0*U02bi\ n 

i ) 


( 10 ). 


This formula is very cumbersome to use, and the value of the 
coefficient of roughness n for different cases is uncertain; tables 
and diagrams have however been prepared which considerably 
facilitate its use. A simpler form has been suggested for channels 
by Bazin (see page 185) which, by changing the constants, can be 
used for pipes 1|. 

* Tram. Am,S.G.E. Vol. XLiv. p. 86. t Trantt, Am.S»CnE, Vol. XDiv. p. 66. 
f Tram. Am,8,C, E, Vol. xuv* p. 87. J See Table Ho. XIV. |) Proe* Inat. C,E» 1919- 
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Values qfn in Oangtdllei and Kutter^a formula. 

Wood pipes = *01, may be as high as *015. 

Oast-iron and steel pipes - *011, „ „ ‘02. 

Glazed earthenware = *013. 


98. ^Reynolds’ experiments and the logarithmic formula. 

The formulae for loss of head due to friction previously given 
have all been founded upon a probable law of variation of h 
with Vf but no rational basis for th^ assumptions has been adduced. 

It has been stated in section 93, that on the assumption that h 
varies with the coefficient G in the formula 


tj = C 



is itself a function of the velocity. 

The experiments and deductions of Reynolds, and of later 
workers, throw considerable light upon this subject, and show that 
h is proportional to where n is an index which for very small 
velocities t— as previously shown by Poiseuille by experiments on 
capillary tubes — is equal to unity, and for higher velocities may 
have a variable value, which in many cases approximates to 2. 

As Darcy^s experiments marked a decided advance, in showing 
exporimontally that the roughness of the wotted surface has an 
effect upon the loss duo to friction, so Reynolds' work marked 
a further step in showing that the index n depends upon the state 
of the inlemal surface, being generally greater the rougher the 
surface. 

The student will be better able to follow Reynolds, by a brief 
consideration of one of his experiments. 

In Table XV are shown the results of an experiment made 
by Reynolds with apparatus as illustrated in Fig. 88. 

In columns 1 and 5 are shown the experimental values of 



and V respectively. 


The curves. Fig. 90, were obtained by plotting v as abscissae 
and i as ordinates. 

For velocities up to 1*347 feet per second, the points lie very close 
to a straight lino and % is simply proportional to the velocity, or 

i-TciV ( 11 )>* 


ki being a coefficient for this particular pipe. 

Above 2 feet per second, the points lie very near to a continuous 
curve, the equation to which is 

i^Jev^ ( 12 ). 


• See also Appendix 2. 


t Phil. Tran$. 188S. 
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Tblcbig logarilihinB, 

log* + nlogv. 



The curve, Fig. 90 a, was determined by plotting log« as 
ordinate and logv as abscissae. Beynolds calls the lines of this 
figure the logarithmic homologues. 

Calling logt, y, and log v, a, the equation has the form 

y — k + me, 

which is an equation to a straight line, the inclination of which to 
the axis of a is 

®=tan“*7», 

or »=tand. 

Further, when » = 0, p~k,BO that the value of k can readily be 
found as the ordinate of the line when as or logi> = 0, that is, 
when v»l. 

Up to a velocity of 1‘87 feet per second, the points lie near to 
a line indined at 45 degrees to the axis of v, and therefore, n is 
unity, or as stated above, i = 1cv. 

r^e ordinate when v is equal to unity is 0‘038, so that for the 
first part of the curve }e= *038, and «= *038v. 
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Above lihe velooily of 2 feet per second the points lie about 
a second sbraigbt lin^ the inoUnation of whioh to the axis of « is 

$ SB tan“* 1*70. 

Therefore log 1*70 log 0 + logic. 

The ordinate when v equals 1 is 0*042, so that 
* = 0*042, 

and « = 0'042 p*‘’*. 



Fig* OOa, Logarithmio plottings of i and v to determine the index n in 
the formula for pipes, 


In the table are given values of « as determined experimentally 
and as oSlculated from the equation i = k.v\ 

The quantities in the two columns agi-ee within 8 per cent, 
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TABLE XV. 

Experiment on Besistanoe in Pipes, 

Lead Pipe. Diameter 0*242". Water from Manchester Main, 


Slope t=s j 

h 

n 

Velocity ft. per 
second 

Experimental value 

Calculated from 




•0086 

•0092 

•038 

1 

•289 

•0172 

•0172 

•038 

1 

•451 

•0258 

•0261 

•038 

1 

•690 

•0846 

•0847 

-088 

1 

•914 

•0480 

•0421 

•088 

1 

1-109 

•0516 

•0612 

•038 

1 

1-849 

■0602 

••• 


... 

1-482 

, -0682 


• •• 

eae 

1*678 

■0861 

••• 

• •• 

• •• 

1-671 

•1088 

• •• 

aee 

• ee 

1*776 

•1206 


• * • 

• • • 

1-867 

•1378 

•1852 

•042 

1-70 

1-987 

•1714 

•1610 

•042 

1-70 

2-208 

•3014 

•2944 

-042 

1-70 

8141 

•4806 

•4207 

•042 

1-70 

8*98 

•8185 

•8017 

•042 

1-70 

6-66 

1-021 

1-038 

•042 

1-70 

6-67 

1-438 

1-476 

•042 

1-70 

8-11 

2*465 

2-404 

•042 

1-70 

10-79 

8-274 

8-206 

•042 

1-70 

12-79 

8-878 

3-899 

•042 

1*70 

14-29 


Note. To make the columus shorter, only part of Beynolds’ results are given. 

99. ^Critical velocity. 

It appears, from Beynolds* experiment, that up to a certain 
velocity, which is called the Critical Velocity, the loss of head is 
proportional to Vy but above this velocity there is a definite change 
in the law connecting i and v. 

By experiments upon pipes of different diameters and the 
water at variable temperatures, Reynolds found that the critical 
velocity, which was taken as the point of iiitorsoction of the two 
straight lines, was 

•0388P 

D • 

the value of P being ^ 

^ " 1 + 0 ^ 33 ^ +■^ 2211 '“ 

T being the temperature in degrees centigrade and D the diameter 
of the pipe. 


ScQ also Appendix 2, 
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100. Oriiloal T^ldolty by the method of eolour bands. 

The eadatence of the critical Telocity has been beautifully 
shown by Beynolds, by the method of colour bands^ and his 
experiments also explain why there is a sudden change in the law 
connecting i and u. 

"Water was drawn through tubes (Pigs. 91 and 92), out of 
a large glass tank in which the tubes were immersed, and in 
which the water had been allowed to come to rest, arrangements 
being made as shown in the figure so that a streak or streaks of 
highly coloured water entered the tubes with the clear water." 



Pig. oa. 

The results were as follows ; — 

" (1) When the velocities were sufRoiontly low, the streak 
of colour extended in a beautiful straight line through the tube " 
(Pig. 91). 

"(2) As the velocity was increased by small stages, at 
some point in the tube, always at a considerable distance from the 
trumpet-shaped intake, the colour band would all at once mix up 
with the surrounding water, and fill the rest of the tube with 
a mass of coloured water" (Pig. 92). 

This sudden change takes place at the critical velocity. 

That such a change takes place is also shown by the apparatus 
illustrated in Pig. 88; when the critical velocity is reached there is 
a violent disturbance of the mercury in the U tube. 

There is, therefore, a definite and sudden change in the con- 
dition of flow. Por velocities below the critical velocity, the flow 
is parallel to the tubes, or is " Stream Line ” flow, but after the 
critical velocity has been packed, the motion parallol to the tube is 
accompanied by eddy motions, which cause a definite cliaiige to 
take place in the law of resistance. 

Bames and Coker* have determined the critical velocity by 
noting the sadden change of temperature of the water when its 
motion changes. They have also found that the critical velocity, 
ab determined by noting the velocity at which stream-line flow 

* Pro€t€ding$ of the Royal Society , V61 Lxxiv. 1904 ; PhiL TransaetionM, 
Royal SoeiHyt Vol. xx, pp. 46—61. 
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breaks up into eddieSi is a mncb more variable quantii^ tban 
ibat determined from tbe points of intersection of the two lines 
as in Fig. 90. In the former case the critical velocity’ depends 
upon the condition of the water in the tank, and when it is 
perfectly at rest the stream linos may be maintained at much 
higher velocities than those given by the formula of Eeynolds. 
If the water is not perfectly at rest, the results obtained by both 
methods agree with the formula. 

Barnes and Coker have called the critical velocity obtained by 
the method of colour bands the upper limit, and that obtained by 
the intersection of the logarithmic homologues the lower critical 
velocity. The first gives the velocity at which water flowing from 
rest in stream-line motion breaks up into eddy motion, while the 
second gives the velocity at which water that is initially disturbed 
persists in flowing with eddy motions throughout a long pipe, or 
in other words the velocity is too high to allow stream lines to be 
formed. 

That the motion of the water in large conduits is in a similar 
condition of motion is shown by the experiment of Mr G, H. 
Benzenberg* on the discharge through a sewer 12 feet in diameter, 
2534 ft. long. 

In order to measure the velocity of water in the sewer, red 
eosine dissolved in water was suddenly injected into the sewer, 
and the time for the coloured water to reach the outlet half a 
mile away was noted. The colour was readily perceived and it 
was found that it was never distributed over a length of more than 
9 feet. As will be seen by reference to section 130, the velocities 
of translation of the particles on any cross section at any instant 
are very different, and if the motion were stream line the colour 
must have been spread out over a much greater length. 

101. Law of firiotionfd resistance for velocities above the 
critical velocity. 

As seen from Beynolds’ formula, the critical velocity except 
for very small pipes is so very low that it is only necessary in 
practical hydraulics to consider the law of frictional resistance for 
velocities above the critical velocity. 

For any particular pipe, i == and it remains to determine k 

and n. 

Applying the Principle of Dynamical Similarity t and from 
the plottings of the results of his own and Darcy^s experiments, 

* Transactions Am,S,0»E., 1693; said aUo Proesedings Am,8,0.E>f Vol. xzTii. 
p. 1173. 

t See page 563. 
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Beynolds found tliati the law of resiatanoe “for all pipes and all 
velocities” could be expressed as 

AD*. /BD V 

= (14). 


Transi>osing, 


~ AP.D* 
B» P-" 
*" A 


D is diameter of pipe, A and B are consti(i>nt<!, and P is obtained 
from formula (13). 

Taking the temperature in degrees centigrade and the metre 
as unit length, 

A = 67,700,000, 

B - 396, ^ 

^ 1 + -00361’ + -0002211" ' 

._ B-.e-.P- y.v* 

* " 07,700,000 D*-* “ D’ - 

inwwoi. 

Values of y when the temperature is 10“ C. 


n 

y 

1-75 

1-B5 

1- 95 

2- 00 

0-000265 

0000088 

0*000587 

0-000704 


The values for A and B, as given by Reynolds, are, however, 
only applicable to clean pipes, and later experiments show that 
although 

- 

*- X)P » 

for clean pipes (see p. 566), it is doubtful whether 

p=3-w, 

as given by Reynolds, is correct for dirty pipes. 

Value of n. For smooth pipes n appears to be nearly 1*75. 
^ynolds found the mean value of n for lead pipes was 1*723. 

Saph and Schoder*, in an elaborate series of experiments 
carried out at Cornell ITniversity, have determined for smooth. 

* Transactions of the American Society of Civil Engineers, May, 1908. See 
eaeroise 81, page 172. 
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‘bnua pipes m xaetax vtAve for n of 1*75. Cokor and CSententB 
loQud tiiat n for a brass pipe *3779 inches diameter was 1’73L la 
eoloraa 5 of ITable XYI are given values of n, some takea frcaa 
Saph and Schoder’s paper, and others as determined by the 
author by logarithmic plotting of a large number of experiments. 

It will be seen that n varies very considerably for pipes of 
different materials, and depends upon the condition of the surface 
of a given material, as is seen very clearly from Nos. 8 and 4. 
The value for n in No. 8 is 1*72, while for No. 4, which is the 
same pipe after two years’ service, the value of n is 1*98. The 
internal suiface had no doubt become coated with a deposit of 
some kind. 

Even very small differences in the condition of the surface, 
such as cannot be soon by the unaided eye, make a considerable 
difference in the value of «, as is seen by reference to the values 
for galvanised pipes, as given by Saph and Schoder. For large 
pipes of riveted steel, riveted wrought iron, and cast iron, the 
value of n approximates to 2. 

The method, of plotting the logarithms of » and v determined 
by experiment, allows of experimental errors being corrected 
without difficulty and with considerable assurance. 


102. The determination of the values of O given in 
Table Xn. 

The method of logarithmic plotting has been employed for 
determining the values of C given in Table XII. 

If values of 0 are calculated by the substitation of the 
experimental values of v and i in the formula 


many of the results are apparently inconsistent with each other 
due to experimental errors. 

The values of C in the table were, therefore, determined as 
follows. 

Since t = ki>* 

and in the Chezy formula 


or 

therefore 


_»L 

mC*’ 


tr- 

‘mC 
hv” 


and 21ogO»*21og«- (logTO+logi + »logo) (17). 

The index n and the coefficient k were determined for a 
number of cast-iron jnpes. 
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Ya1i>es<rf0far'velooities£romltol0wereealenlated. Oorres 
«r0re thjen plotted, for differrait velocities, liaving C as ordinates 
and diaoioters as abscissae, and the valnes given in the table were 
dednoed from the curves. 

The values of C so interpolated differ very considerably, in 
some oases, from the experimental values. The difficulties 
attending the accurate determination of « and « are very great, 
and the valnes of C, for any giveft pipe, as calculated by snbsti* 
tnting in the Chezy formula the losses of head in friction and the 
velocities as determined in the experiments, were frequently 
inconsistent with each other. 

As, for example, in the pipe of 8’22 ins. diameter given in 
Table XVI which was one of Darcy^s pipes, the variation of C as 
calculated from h and v given by Darcy is from 78*8 to 100. 

On plotting logh and logo and correcting the readings so 
that they all lie on one line and recalculating C the variation was 
found to be only from 95*0 to 101. 

Similar corrections have been made in other cases. 

The author thinlcH this procedure is justified by the fact that 
many of the best experiments do not show any such inconsistencies. 

An attempt to draw up an interpolated table for riveted pipes 
was not satisfactory. The author has therefore in Table XTV 
given the values of G as calculated by formula (17), for various 
velocities, and the diameters of the pipes actually experimented 
upon. If curves are plotted from the values of 0 given in 
Table XIV, it will be seen that, except fur low velocities, the 
carves are not continuous, and, until farther experimental evidence 
is forthcotsoing for riveted pipes, the engineer must be content 
with choosing values of G which most nearly coincide, as far as 
he can judge, with the case he is considering. 

103. Variation of k, in the foimnla iskv”, with the 
diameter. 

It has been shown in section 98 how the value of h, for a 
given pipe, can be obtained by the logarithmic plotting of i and v. 

In Table XVI, are given values of Jc, as determined by the 
author, by plotting the results of different experiments. Saph 
and Sohoder found that for smooth hard-drawn brass pipes 
of various sizes n varied between 1*73 and 1*77, the mean value 
being 1*75. 

By plotting logd as abscissae and logl; as ordinates, as in 
Fig. 98, for these brass pipes the points lie nearly in a straight line 
wUoh has an inclination ^ with the axis of (Z, such that 

tand«-l’25 
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and the equation to the line is, therefore, 

log k « logy- plogd, 
wheye p = 1 ‘ 26 , 

and log y == log & 

wlten 

From the 

y « 0‘000296 per foot length of pipe. 



Fig. 08. Logarithmio plottings of k and d to determino the index p in the formula 


On tKo same figure are plotted logd and log%, as deduced 
from experiments on lead and glass pipes by various workers. It 
will be seen that all the points lie very close to tbo same line. 

For smooth pipes^ therefore, and for velocities above the 
critical velocity, the loss of head due to friction is given by 



tho mean value for y being 0’000296, for n, 1*75, and for p r25. 

From which, v = 

or log V = 2*017 + 0*572 log i + 0*715 log d. 
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The value of p in this formula agrees with that given hy 
Reynolds in his formula 

. yu* 

Professor Unwin* in 1886, by an examination of experiments 
on cast-iron pipes, deduced the formula, fox smooth cast-iron 
pipes, 

and for rough pipes, % * . 

M, Plamantt in 1892 examined carefully the experiments 
available on flow in pipes and proposed the formula, 

. yv^ 

for all classes of pipes, and suggested for y the following values : 
Lead pipes 

Glass „ ‘ -000236 to *00028, 

Wrought-iron (smooth) . 

Cast-iron new ‘000336, 

„ „ in service ‘000417. 

If the student plots from Table XVI, log d as ordinates, and 
log h as abscissae, it will be found, that the points all lie between 
two straight lines the equations to which are 
log 7c = log '00069 - 1*25 log 
and log k = log ‘00028 - 1’26 log d. 

Further, the points for any class of pipes not only lie between 
those two lines, but also lie about some line nearly parallel to 
these linos. So that p is not very different from 1-25. 

From the table, n is seen to vary from 1-70 to 2'08. 

A general formula is thus obtained, 

, ‘00028to‘00069u'*^‘^^»‘«I 

The variations in y, n, and p are, however, too great to admit 

of the formula being useful for practical purposes. 

For new cast-iron pipes, 

,, -000296 to •0004]8u'-®*‘"'*«^Z 
a- 

If the pipes are lined with bitumen the smaller values of y and 
W may be taken. 

* Industries, 1886. 

t Annates des Pants et ChaussSes, 1892, Yol. ii. 
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l^OT tiffWf steely riveted pipes, 

^ •00Mto-00054i;*‘”‘®*«Z 

Fig. 94 diows the result of plotting log Te and log d for all 

the pipes in Table XVI having a value of n between 1*92 and 1'94, 

They are seen to lie very close to a line having a slope of 1"25, 

and the ordinate of which, when d is 1 foot, is *000864* 

•rm 7 *000364V’*“Z 

Therefore — or u- 59t 

very approximately expresses the law of resistance for particular 
pipes of wood, new cast iron, cleaned cast iron, and galvanised 
iron. 



Taking a pipe 1 foot diameter and the velocity as 8 feet per 
second, the value of i obtained by this formula agrees with that 
from Darcy^s formula for clear cast-iron pipes within 1 per cent. 

Use of the logarithmic formula for practical calculations^ A 
very serious difficulty arises in the use of the logarithmio 
formula, as to what value to give to n for any given case, and 
consequently it has for practical purposes very little advantage 
over the older and simpler formula of Chezy* 


TABtBXVL 




Diameter 
^ ins.) 

Velocity in 

Valne of n 

Value of Ir 

Bxpflrimentfir 

Kind of pipe 

ft. per see. 
from to 

in formula 
faslW* 

in formula 

Noble 

Wood 

U 

8*46 — 4-416 

1*78 

•0001264 


•1 

64 

2-28 — 4-68 

1*76 

•000088 

Muz, Wing } 

M 

72-6 

1 — 4 

1*72 

*000061 

aodHoddns} 

ft 

72*6 

1 — 6-6 

1*98 

•000048 

Qajtnu Eitd)axa 

Riveted 

8 


1*88 

•00246 

H. Smith 

Wrought 

11 

* 

1-81 

•000615 


iron or steel 

11} 



•000470 


ft 

16 


1*94 

•000270 

KiBchling 

HerscbeT 

11 

11 

88 

42 

•606— 1*264 
2-10 — 4*99 

2*0 

1*98 


ft 

11 

48 

2 - 6 (?) 

2*0 


Maxx, Wing ) 

1) 

72 

1 — 4 

1*99 

mmm 

and Hoddns) 

•1 

72 

1 - 6-6 

1-86 

•000077 

Horschol 

It 

108 

1 — 4-6 

2*08 

*000086 

Darcy 

Oast iron 

8*22 

•289—10*71 

1*97 

•00166 

II 

now 

6*89 

*48 —16*8 

1*97 

■00079 

II 

II 

7*44 

•678—16*17 

1*966 

*00062 

II 

It 

12 


1*779 

•000828 

Williams 

II 

16*26 


1*868 

*000214 

Lampe 

11 

16*6 

2-48 — 8*09 

1*80 

•000267 

f| 

11 

19*68 

1*88 — 8*7 

1*84 

•00022 

Sbetman 

II 

86 

4 — 7 

2* 

•000062 

Steams 

II 

48 

1*248- 8*28 

1*92 

•00005G7 

Hnbbell & Fenkoll 

♦1 

80 


2 

*00008 

Darcy 

Oast iron 

1*4186 

•167— 2*077 

1*90 

*0098 

ii 

old and 

8*1296 

•403- 8*747 

1*94 

•0085 

It 

tnberculatocl 

9*676 

1*007—12*68 

1*98 

•0009 

Sbennan 

It 

20 

2*71 - 6*11 



ii 

IT 

86 

1*3 — 4*6 

2 

•000105 

Fitzgerald 

II 

48 

M76— 8*533 


•000083 

ff 

II 

48 

1*185— 8*412 


•000085 

Darcy 

Cilst-iron 

1*4328 

i '871— 8*69 I 

1*85 

•0041 

It 

old pi])cs 

8*1586 


1*97 

*00166 

If 

cloanod 

11*68 



•000375 

Fitzgerald 

II 

48 



*000082 

ti 

11 

48 

•895— 7*246 

1*94 

*000059 

Darcy 

Shoot-iron 

3*055 

•098 _ 8*225 

1*73 

■0074 

II 

11 

8*21 I 

•828-12*78 

1*81 

•00164 

ti 

11 

7*72 

•591—19*72 

1*78 

•00069 

f» 

II 

11*2 

1*290—10*62 

1*81 

•00089 

II 

Gas 

•48 

*113- 8*92 

1*88 

•0278 


II 

1*56 

•205— 8*621 

1*86 


i> 

11 



1*91 


Sapb and Scboder 

Galvanised 

•864 


1*96 


ft 

II 

•494 


1*91 

*0181 

ff 

II 

•628 


1*86 

•0182 

4 

tt 

M 

•824 





11 

1-048 


1-08 


' 

Hard-drawn 

16 pipes 


1-76 

•00026 to 

ti 

brass 

uptol*84 


-00086 

Depoldz 

Darcy 

Lead 1 

II ' 

•66 


l>78a 

wei 

•0126 

»» 

H 

1*61 


H88 

00426 
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TABLE XVn. 


Slioinng reasonable valnes of y, and n, for pipes of various 
kinds, in the formula, 



Reasonable 
Talnes for 


y 

n 

B 

B 

Clean castdron pipes 
Old oast-iron pipes 
Riveted pipes 
Galvanised pipes 
Sheet-iron pipes cover- 
ed wiih bitumen 
Clean wood pipes 

Brass and lead pipes 

•00029 to -000418 
•00047 to ‘00069 
•00040 to -00054 
•00085 to -00045 

•00080 to -00038 

•00056 to '00068 

1-80 to 1-97 
1-94 to 2 04 
1-98 to 2-08 
1-80 to 1'96 

1-76 to 1'81 

1-72 to 1*75 

! 

•00086 

•00060 

•00060 

•00040 

•00084 

•00060 

•00030 

1-98 

2 

2 

1-88 

1-78 

1-75 

1-75 


When further experiments have been performed on pipes, of 
which the state of the internal surfaces is accurately known, and 
special care taken to ensure that all the loss of head in a given 
length of pipe is due to friction only, more definiteness may be 
given to the values of y, w, and p. 

Until such evidence is forthcoming the simple Ohezy formula 
may be used with almost as much confidence as the more 
complicated logarithmic formula, the values of 0 or / being taken 
from Tables XTI — XIV, Or the formula / may be used, 
values of k and n being taken from Table XYI, which most nearly 
fits the case for which the calculations are to be made. 

104. Criticism of experiments. 

The difficulty of differentiating the loss of head due to friction 
from other sources of loss, such as loss due to changes in direction, 
change in the diameter of the pipe and other causes, as well as the 
possibilities of error in experiments on long pipes of large diameter, 
makes many experiments that have been performed of very little 
value, and considerably increases the difficulty of arriving at 
correct formulae. 

The author has found in many cases, when log i and log d were 
plotted, from the records of exx)eriments, that, although the results 
seemed consistent amongst themselves, yet compared with other 
experiments, they seemed of little value. 
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The value of n for one of Couplet’s* experiments on a load and 
earthenware pipe being as low as 1*56, while the results of an 
experiment by Simpsont on a cast-iron pipe gave n as 2*5. In the 
latter case there were a number of bends in the pipe. 

In making experiments for loss of head due to friction, it is 
desirable that the pipe should be of uniform diameter and as 
straight as possible between the points at which the pressure head 
is measured. Further, special care*8hould be taken to ensure the 
removal of all air, and it is most essential that a perfectly steady 
flow is established at the point where the pressure is taken. 

106. Piezometer fittings. 

It is of supreme importance that the 
piezometer connections shall be made 
so that the difference in the pressures 
registered at any two points shall be 
that lost by friction, and friction only, 
between the points. 

This necessitates that there shall 
be no obstructions to interfere with the 
free flow of the water, and it is, there- 
fore, very essential that all burrs shall 
be removed from the inside of the pipe. 

In experiments on small pipes in 
the laboratory the best results are no 
doubt obtained by cutting the pipe 
completely through at the connection 
as shown in Pig. 95, which illustrates 
the form of connection used by Dr 
Coker in the experiments cited on 
page 129. The two ends of the pipe are not more than Yvvth 
of an inch apart. 

Fig. 96 shows the method adopted by Marx, Wing and Hoskins 
in their experiments on a 72-’inch wooden pipe to ensure a correct 
reading of the pressure. 

The gauge X was connected to the top of the pipe only while 
T was connected at four points as shown. 

Small differences were observed in the readings of the two 
gauges, which they thought were due to some accidental circum- 
stance affecting the gauge X only, as no change was observed 
in the reading of Y when the points of communication to T were 
changed by means of the cocks. 

* HydraulicB, Hamilton Smith, Jnnr. 
t Proceedm$$ of the Institute of Civil Enginem, 18S5. 
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100. fifibet of temperature o& the Tolooity of flow. 
Poieemlle found tliat by Kdsing the tomperatnre of the water 
firom 50*0. to 100*0. the disoharge of oapQlaiy tubes wae 
doubled. 



Fig. 9B. Piezometer oonneetions to a wooden pipe. 

Beynolds* showed that for pipes of larger diameter, the effect 
of changes of the temperature was very marked for velocities 
below the critical velocity, but for velodtieB above the critical 
velocity the effect is comparatively small. 

The reason for this is seen, at once, from an examination of 
Beynolds’* formula. Above the critical velocity n does not differ 
very much firom 2, so that P~” is a small quantity compared with 
its value when n is 1. 

Saph and Schodert, for velocities above the critical velocity, 
found that, as the temperature rises, the loss of head due to 
friction decreases, but only in a small degree. For brass pii>es of 
small diameter, the correction at 60* F. was about 4 per cent, per 

* Scientific Papers, Vol. u. 

t See also Barues and Coker, Proceedings of the Boyal Shirty, Vol» lzx. 1904 ; 
Coker and Clements, TransaeHons of the JRoyal Soeutiy^ YoL act* PfocudiMigs 
Am,8,CM* Yol. xuz. 
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10 degrees F. With galvanised pipes the oorreotion appears to 
be from 1 per cent, to 6 p« cent, per 10 degrees F. 

Sinoe the hrad. lost increases, as the temperature falls, the 
discharge for any given head diminishes vrith the temperature, 
but for practical purposes the correction is generally negligible. 

107. *Loss of head due to bends and elbows. 

The loss of head due to boids and elbows in a long pipe is 
generally so small compared with ^ loss of head due to Motion 
in the straight part of the pipe, that it can be neglected, and 
consequently the experimental determination of this quantity has 
not received much attention. 

Weisbacht, from experiments on a pipe inches diameter, 
with bends of various radii, expressed the loss of head as 

»•■(•<>“* 

r being tbe radius of the pipe, B the radius of the bond on the 
centre line of the pipe and v the velocity of the water in feet per 
second. If tho formula be written in the form 



the table shows the values of a for different values of g. 

r 

E "" 

•1 -167 

•2 -260 

•6 -626 

St Venant | has given as the loss of head hn at a bend, 

g y g»’-»-i| kVi “"'y- 

I being the length of the bond measured on the centre line of the 
bend and d the diameter of the pipe. 

When the bend is a right angle 

L /I Z /I 

BV B“2 V B* 

When ^=1, -5, -2, 

i-v/|“l-57, ni, -702 
and h.* •167|. 'lllg, 

* eee page 525. t Meehaniet of EngineerUi^m 

X Comptei BendWt 1862. 
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Becent experiments by Williams, Hubboll and Fcnkell • on cast- 
iron pipes asphalted, by Saph and Sohoder on brass pipes, and 
others by Alexandert on wooden pipes, show that the loss of head 
in bends, as in a straight pipe, can be expressed as 

Ab = kt?*, 

n being a variable for different kinds of pipes, while 



y being a constant coefficient for any pipe. 

For the cast-iron pipes of Hubbell and Penkell, 7 , n, m, and p 
have approxinfately the following valnes. 


Diameter of pipe 

y 

m 

n 

■ 

12" 

•0040 

0*88 

■Mi 

1*09 

16'' 

t* 

IS 


St 

80" 

Si 

ts 


IS 


When 1 ? is 3 feet per second and ^ is i, the bend being a right 
angle, the loss of head as calculated by this formula for the 
12-inch pipe is — — , and for the 30-mch pipe 

For the brass pipes of Saph and Schoder, 2 inches diameter, 
Alexander found, 

= -00858 (j)* to 


and for TamiBhed wood pipes when ^ is less than 0 * 2 , 
hB = '008268(g)* to*’", 
and when g is between 0'2 and 0‘5, 

hB = *124(2)" to*”. 

He further found for varnished wood pipes that, a bond of 
radius equal to 5 times the radius of the pipe gives the minimum 
loss of head, and that its resistance is equal to a straight pipe 8*38 
times the length of the bend. 

Messrs Williams, Hubbell and Fenkell also state at the end of 
their elaborate paper, that a bend having a radius equal to 


• Proc. Amer, 8oc. Civil Enpineers, Vol. xzvn. f Proc. Inst. Civil Efipineers, 
Vol. oxjz. See also Bulletin No. 676 Univernty of WU&mtin^ 
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diameters^ offers less resistance to the flow of water than those of 
longer ra^us. It should not be overlooked, however, that although 
the loss of head in a bend of radius equal to* 2^ diameters of the 
pipe is less than for any other, it does not follow that the loss of 
hoad i>er unit length of the pipe measured along its centre lino 
has its minimum value for bends of this radius. 

108, Variations of the velocfty at the cross section of a 
cylindrical pipe. 

Experiments show that when water flows through conduits of 
any form, the velocities are not the same at all points of any 
transverse section, but decrease from the centre towards the 
circumference. 

The first experiments to determine the law of the variation of 
the velocity in cylindrical pipes were those of Darcy, the pipes 
varying in diameter from 7*8 inches to 19 inches. A complete 
account of the experiments is to be found in his Becherchea 
Experimentalea dans lea iuyavjx. 

The velocity was measured by means of a Pitot tube at five 
points on a vertical diameter, and 
the results plotted as shown in 
Fig. 97. 

Calling V the velocity at the 
centre of a pipe of radius B, u the 
velocity at the circumference, t?*, 
the moan velocity, v the velocity 
at any distance r from the centre, 
and i the loss of head per unit 
length of the pipe, Darcy deduced the formulae 

T-. = |rVi 

and = y— = n/R?. 

When the unit is the metre the value of h is 11*3, and 20*4 when 
the unit is the English foot. 

Later experiments commenced by Darcy and continued by 
Bazin, on the distribution of velocity in a semicircular channel, 
the surface of tho water being maintained at the horizontal 
diameter, and in which it was assumed the conditions wore similar 
to those in a cylindrical pipe, showed that the velocity near the 
surface of the pipe diminished much more rapidly than indicated 
by the formula of Darcy. 



* See Appendix 3. 
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Bazin zubsiituted tlierefore a new formnla, 



V-»=<884/li(jy 

(1), 

or since 

0 Vwtt™ •/St 
T-v^SSS/ry 

(2). 


Vm 0 \Il/ 


It was open to question, however, whether the conditions of flow 
in a semicircular pipe are similar to those in a pipe discharging 
full bore, and Bazin consequently carried out at Dijon* experi- 
ments on the Retribution of velocity in a cement pipe, 2*78 feet 
diameter, the discharge through which was measured by means 
of a weir, and the velocities at different points in the transverse 
section by means of a Pitot tubet. 

From these experiments Bazin concluded that both formulae (1) 
and (2) were incorrect and deduced the three formulae 

00. 

-Wi)’ (4), 

V - » . 63'5(l - .y/l - -OS (5), 

the constants in these formulae being obtained fi*om Bazin’s by 
changing the unit from 1 metre to the English foot. 

Equation (5) is the equation to an ellipse to which the sides of 
the pipes are not tangents but are nearly so, and this formula 
gives values of v near to the surface of the pipe, which agree much 
more nearly with the experimental values, than those given by 
any of the other formulae. 

Experiments of WilUame, Huhbell and FenlcellX. An elaborate 
series of experiments by these three workers have been carried out 
to determine the distribution of velocity in pipes of various 
diameters, Pitot tubes being used to determine the velocities. 

The pipes at Detroit were of cast iron and had diameters of 12, 
16, 80 and 42 inches respectively. 

The Pitot tubes § were calibrated by preliminary experiments 
on the flow through brass tubes 2 inches diameter, the total 

* * * Memoire de rAoadtmie des Sciences de Paris, Beoueil des SavantsKtraaigtrei,** 
Vol. xxxu. 1897. Proc, AmM.C.E, VoL xxyit. p. 1042. 

t See page 241. 

X Experiments at Detroit, Mich., on the effect at oarratora on the flow of 
water in pipes,** Proc. Am,S,O.E» Yol. xxtzi . p. 818. 

8 See page 24G. 
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discharge being deterimned by weighing, and the mean velocity 
thus determined. From the results of their experiments they 
came to the conclasion that the curve of velocities should be an 
ellipse to which the sides of the pipe are tangents, and that the 
velocity at the centre of the pipe Y is being the mean 

velocity. 

These results are consistent with those of Bazin. His experi- 
V 

mental value for — for the cement pipe was 1*1675, and if the 

constant *95, in formula (5), be made equal to 1, the velocity curve 
becomes an ellipse to which the walls of the pipe are tangents. 

The ratio — can be determined from any of Bazin’s formulae. 

Substituting for s/r 5 in (1), (3), (4) or (5), the value of 
V at radius r can be expressed by any one of them as 



Then, since the flow past any section in unit time is and 

that the flow is also equal to 


therefore 


rB 

I 2irrdr . v, 

/>-%•(£)}■•■'' 


Substituting for / f , its value from equation (1), and 
integrating, 

.( 7 ), 


V_, . 21-5 


and by substitution of / from equation (4), 

23 


C 


.( 8 ), 


Y 

so that the ratio — is not very different when deduced from the 

simple formula (2) or the more complicated formula (4). 

When 0 has the values 


0 = 80, 100, 120, 

from (8) ^ = 1-287, 1 23, MS. 

The value of G, in the SO-inch pipe referred to above, varied 
between 109*6 and 123*4 for different lengths of the pipe, and 

L.H. 10 
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1 




0 




c 

Fig. 98. 


tbd zoeati Talue was*l]6j bo that there is a remarkable agreement 
between the results of Bazin, and Williatna, Hubbell and Fenkell, 

JTfca velocity at the ev/tface of a pijpe. A s s o mi ng that the 
velocity curve is an elKpse to which 
the sides of the pipe are tangents, as 
in Fig. 98, and that Y «l*19vm, the 
velocity at the surface of the pipo 
can readily be determined. 

Let u - the velocity at the surface 
of the pipo and v the velocity at any 
radius r. 

Let the equation to the ellipse be 

E* 6*“^ 

mwMch «=«-«, 

and h-Y — u. 

Then, if the semi-ellipse be reyolvod about its horizontal axis, 
the Tolmne swept out by it will be |irE''6, and the Yolnme of 
discharge per second will be 

irEH;a = J ^ 2irrdr . v = vE* . « + firE* 6, 

v» = « + §(V-tt) =J« + I X ri9e», 

and It - ‘621 vm. 

Using Bazin’s elliptical formula, the values of — for 
C = 80, 100, 120, 


are 


- = •562, *642, *702. 

W|» ’ 


The velocities, os above determined, give the velocity of 
translation in a direction parallel to the pipe, but as shown by 
Eeynolds’ experiments the particles of water may have a much 
more complicated motion than here assumed. 

109. Head necessary to give the mean velocity «■» to 
the water in the pipe. 

It is generally assumed that the head necessary to give a mean 
vdocity Vm to the water flowing in a pipe is which would be 

correct if all the particles of water had a common velocity ««. 

If, however, the form of the velocity curve is known, and on the 
assumption that the water is moving in stream lines with definite 
velodties parallel to the axis of the pipe, the actual head can 
be determined by calculating the mean Idnetio energy* per ^Ib. of 

water flowing in the pipo, and this is slightly greater than ^ . 
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As before, let « be ibe velo<n<y at radios r. 

The Idnetio energy of the quantity of Tvater which flows past 
any section per second 

« . 2irrdT . « . jj- , 

0 2g* 

10 being ibe weight of 1 c. ft. of water. 

The kinetio energy per lb., therefcure^ 
f® to. 2irrdrt»* 


i 




/: 


to.2irrdr» 
•</2iv, 


0 

«mR* 


.( 0 ). 


The simplest Talne for f is that of Bazin’s formula (1) 
above, from whidi 



Substituting these values and integrating, the kinetio energy 
per lb, is , and when 

C is 80, 100, 
a is 112, 1076. 

On the assumption that the velocil^ curve is an ellipse to which 
the walla of the pipe are tangents the integration is easy, and the 
value of a is 1'047. 

Using tho other formulae of Bazin the calculations are tedious 
and the values obtained differ but slightly from those given. 

The head necessary to give a mean velocity Vm to the water in 

the pipe may therefore be taken to bo , the value of a being 

about 1*12. This value* agrees with the value of 1*12 for a, 
obtained by M. Bouasinesq, and with that of M. J. Delemer who 
finds for a the value 1*1346. 


UO. Fraotioal problems. 

Before proceeding to sflow how the formulae relating to (be 
loss of head in pipes may be used for the solution of various 
problems, it will be convenient to tabulate them. 

* Jfiammi’t ByirauHgue. 


lO—S 



148 


HTDKAULIOS 


Notatiok. 

^»loBB of head dae to friction in a length Z of a straight pipe, 
{athe virtual slopes j. 

vs the mean velocity of flow in the pipe. 

(fa the diameter, 
ms the hydraulic mean depth 

° Wette^Pe^eter °F°°i the pipe is cylindrical and full 

mil 1 . 

Formula 1. h- - 7^ . 

a \J Wt \J CL 

h 

This may be written j s , 

or V s 0 s/mi. 

The values of C for cast-iron and steel pipes are shown in 
Tables XU and XIV. 

FwrMda2. 

2g.d* 

^ in this formula being equal to ^ of formula (1). 

Values of /are shown in Table XIIL 

Either of these formulae can conveniently be used for 
calculating A, v, or d when /, and Z, and any two of three 
quantitieB h, v, and d, are known. 

ForfMJifla 3. As values of C and f cannot be remembered for 
variable velocities and diameters, the formulae of Darcy are 
convenient as giving results, in many case^ with sufficient 
accuracy. For smooth clean cast-iron pipes 

^=•005(1^ 2B’ 

or 

For rough and dirty pipes 

eIti 


OP 
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H (2 is the nnknotni, Doroy^s formulae can only be used to solve 
for dby approzimatioxi. The coefficient is first neglected 

and an approximate value of d determined. Ihe coefficient can 
then be obtained from this approximate value of d with a greater 
degree of accuracy, and a new value of d can then be found, and 
so on. (See examples.) 

Formxda 4. Known as the logafithmio formula. 


or 



h . y . ®* 
l~*~ dF ' 


Yalues of n, and p are given on page 138* 

By taking logarithms 

log h = log y + n log v + log Z — p log cZ, 
from which Ti can be found if I, and d are known. 

If hf Z, and d are known, by writing the formula as 
n log V = log h — log Z - log y + p log d, 


V can be found. 

If hy Z, and v are known, d can be obtained from 
p log d = log y + n log v + log Z - log h. 

This formula is a little more cumbersome to use than either (1) or 
( 2 ) but it has the advantage that y is constant for all velocities. 
Formula 5. The head necessary to give a mean velocity v to 


1 * 12^3 

the water flowing along the pipe is about - -< 3 — , but it is generally 

^ . «* 

convenient and sufficiently accurate to take this head as as 

was done in Fig. 87. Unless the pii>e is short this quantity is 
negligible compared with the friction head. 

Formula 6 . The loss of head at the sharp-edged entrance to a 
. *5v^ 

pipe is about and is generally negligible. 


Formula 7. The loss of head due to a sudden enlargement in 
a pipe where the velocity changes from Vi to is . 

Formula 8 . The loss of head at bends and elbows is a very 
variable quantity. It can be expressed as equal to ^ in which 
a varies from a very small quantity to unity. 


Prohlem 1. The difference in level of the water in two reservoirs is h feet, 
Fig. 99, and they are oonneoted bv means of a straight pipe of length I and 
diameter d ; to find the discharge throagh the pipe. 



ISO 
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Lei Q be ibe nmto M imbio feet disoliM^ per seottid. bead b li titUi fled 
In gMag irekroity to the water and in overooming xeaifltaiaoe at enUaaee to the 
pip# aad ihe Criotional reaiatancea. 



Let V be the mean Telooity of the water. The head neoesaaiy to give the water 

l*12v* 

thia mean veloeity may be taken aa — ^ — » and to overcome the reaiatanee at the 


entranoe 

Then 


•di;® 
2p • 




+ -?r- +« 




Or using in the expression tor frietion, the ooetBoient 0, 


b«*0174v®+ -00781;*+ 


•025r* + 


41v^ 

CH* 


dlv* 

553 


If - is greater than 800 the head lost due to friction ia generally great compared 
with tbe other quantitiesi and these may be neglected. 

Then 


4/Zv® 4hy» 


and 


0 

'“a 


As the velocity ia not known, the eoetSoient 0 cannot be obtained from the 
table, but an approximate valne can be aflsnmed, or Darcy's value 

0-894^ ia^ 

ud O0.278 ^ ia^jrf ** p>p« ^ ®*ty» 

can be taken. 

An approximation to 0 — which in many cases will be aulBoiently near or will be 
as near probably aa the coefflcient can be known-<-4fl thus obtamed. From the 
table a value of 0 for thia velocity can be taken and a nearer approximation to 
V determined. 


Then Qs^d*.v. 

Ih« Telocity oan be dedooed directty bom the logacithmiD fimnale 
provided y and n are known for the pipe. 


ww^ THBouaB mm 
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Tb» IkydytnllQ grftdVttut Is B7. 

jU pcAoi 0 distaiil « iroih ▲ tihe pmsaro heftd ^ is equal to the distance 
betwesiki the oentre of the j^pe and tb« ^raulio gradient. The pressare head 
just Indde the end A of the pipe Is Aa - 1 and at the end B the pressnre head 

most be equal to ^ head lost due to Motion is h, which, neglecting the 
small quantity , is equal to the differenoe of level of the water in the two 
tanhi. 


A=- 


Sxamph 1, A pipe 8 inches diameter* 200 ft. long connects two tanks, the 
diiSerenoe of level of the water in which is 10 feet, and the pressure is atmoctphecio. 
Sind the disehaige assuming the pipe dirty. 

Using Darcy's ooeffioient 

*“2^® s/ 8+1 « 

3 x 3*88 ft per see. 

For a pipe 8 inehes diameter, and this velocity, 0 from the table is about 69, so 
that the approximation is sufiloiently near. 

•00064o^i 

0 = 8*88 ft per sco., 

, *00080*1 
/iss— » 

0 = 8*86 ft. per see. 

A pipe 18 inches diameter brings water from a reservoir 100 feet 
The total length of the pipe is 16,000 feet and the last 6000 feet 
are at the datum levd. For ibis 6000 feet the water is drawn off by service pipes at 
the uniform rate of 20 oubio feet per minute, per 600 feet length. Find the pressure 
at the end of the pipe. 

The total quantity of flow per minute is 

Qs^ 2 ^jgJ 2 s :200 cubic feet per minute. 

Area of the pipe is >1*767 sq. feet. 

The velocity in the first 10,000 feet is, therefore. 

The hmd lost da. to ficiotion in this length, is 

. 4,/. 10,000. l- 888 » 



In the last 6000 feet of the pipe the velocity varies uniformly. At a distance 

1*888* 

n feet from the end of the pipe the velocity is • 


Taking 


gives 

^of^xample 2 , 
^ above datum. 


In a length de the head lost due to friction is 

4./. 1 * 888 *. 


and the tots! loss by friction is 
, 4/. 1*888* 


■/: 


:Mtia 


if. ( 1 * 888 )* 6000 

,l*6.6000»y« 8,. 1-6 ' 8 * 

Tho total head lost due to friction in the whole pipe ia, thaiethre, 




^^-^.1*888»(10,000+*V*)- 
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TftUig/iM *0082, H»:14*8 fedt. 

Negleotitig the velooitj head and the loss of head at entrance, the preeenre head 
at the end of the pipe is ^00 - H) feetasSS*? feet 


Problem 2. Diameter of pipe to give a given dieoharge. 

Begnired the diameter of a pipe of length I feet which will discharge Q cubic feet 
per second between the two reserroirs of the last problem. 

Let V be the mean velooitj and d the diameter of the pipe. 


Then 



.(1). 


and 

Therefore^ 




41i;* 


— » / \ 

\/-025+^. 


Squaring and transposing, 
If fis long compared with d, 


0*0406. QM 
h 


6-5ZQ* 
C>/» * 


.( 2 ). 


and 


yi 


Since v and d are unknown 0 is onknown, and a value for 0 must be pro- 
visionally assumed. 

Assume 0 is 100 for a new pipe and 80 for an old pipe, and solve equation (8) 
for d. 

From (1) find v, and from the tables find the value of 0 corresponding to the 
values of d and v thus determined. 

If 0 differs much from the assumed value, recalculate d and v using this second 
value of 0, and from the tables find a third value for 0. This will generally be 
found to be sufSoiently near to the second value to make it nnnecessazy to calculate 
d and V a third time. 

The approximation, assuming the values of 0 in the tables are correct, can be 
taken to any degree of accuracy, but as the values of 0 are uncertain it will not as 
a rule be necessary to calculate more than two values of d. 

Logarithmic formula. If the formula be used, d can be found direct, 

from 

p log d=n log v-f- log 7+ log { - log A. 


Example 8. Find the diameter of a steel riveted pipe, which will discharge 
14 cubic feet per second, the loss of head by friction being 2 feet per mUe. It is 
assumed that the pipe has become dirty and that provisionally GsllO. 

From equation (3) 


110 



or 


|logda=logl6*68. 


therefore 


d-d*08 feet. 


For a thirty-eight inch pipe Euicliling found 0 to be 113. 

The assumption that 0 is 110 is nearly correct and the diameter may be taken 
as 87 inches. 

Using the logarithmic formula 

,._-00046ui-»I 
5ii5 » 
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and eab«Utating for v the value 


j«p. 

- •OCOISQ'*! 

"(jy 

from \rliich 

5'IS log i -log *00016 - 1 *96 log 0-7864 + 1-96 log 14 + log 8640, 
and dsS-07 6»et. 

Bhort pip*. If the pipe i> ehort eo that the velocity head and the head loot at 
entnmoe ate not negligible oompared with the lorn doe to friction, the equation 

6-61Q* 

C*A ’ 

when a valae is given to 0, ean be solved graphically by plotting two onrvee 

P=»d‘i 

•040CQ* . . 6-6IQ* 

Vi- — r^.d + - — ^ 


_ -0406Q»d 

, 


and 


h CVi • 

The point of interaection of the two cnrvea will give the 
diameter d. 

It is however easier to solve by approximation in the 
following manner. 

Neglect the term in d and solve as for a long pipe. 

Oboose a new value for 0 corresponding to this ap- 
proximate diameter, and the velocity corresponding to it, 
and then plot three points on the curve ystd\ choosing 
values of d which are nearly equal to the calculated value 
of d, and two points of the straight line 


Vi- 


-0400Q*d 6-5/Q» 

h ^ C^h * 



The curve y^d^ between the tlirce points can easily 
be drawn, as in Fig. 100, and whore the straight line outs 
the curve, gives the required diameter. 

Example 4. One hundred and twenty cubic feet of water are to be taken 
per minute from a tank through a cast-iron pipe 100 feet long, having a square- 
edged entrance. Tho total bead is 10 feet Find the diameter of the pipe. 
Neglecting the term in d and assuming 0 to be 100, 

and d SB *4819 feet. 


Therefore 


^(•4819)« 


-=:10’9 ft. per sec. 


From Table XII, the value of 0 is seen to be about 106 for these values of 
d and v. 

A second value for d^ is 

„ 6'6.100.4 

•*•“ 10500 - 

from which d&s*476'. 

The schedule shows the values of d* and y for values of d not very different 
from the ciJottlated value, and taking C as 106. 

d -4 *5 *6 

d* -01024 -03125 -0776 

Pi -0297 -0329 

The line and curve plotted in Fig. 100, ftom this schedule, intersect atp for whldh 

da *498 feet 
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U Men llierelore £hai teScing 106 m ihe toliie of 0, negleeti&g the tormliKtl, 
makes an eomr of or *064\ 

Ibis sbows that when the ratlo^is ahcmt 200, and the Tittuid sifsipe is 

eiren as great as lor all practioal purposes, the Irlotioo head only need be eon* 
aideted. For smaller Tslaea of the ratio J- the quantity •Q2&^ may become im- 

portantf bat to what extent will depend upon the slope of the hydraolio gradient 
ttbe logorithmio jbrmola may be xiaSd for short pipes bat it is a little more 
otimbersome* 

Using the logaritbmio formala to express the loss of head for short pipes with 
iqnareHadged entranoe, 

hss *025v*+ 

'02gQ* . 7 » Q* « f 


(I)’' 


ly aa»4.j-«5 







When suitable values are given to y and n, this can be solved by plotting the 
two curves 

.QM 


and 


•0406Qa(P»-J»*« y. 

»»= — T - - 


(I)-*' 

the inteneotion of the two curves giving the required value of <L 

JVo&^rm d. To find what the discharge between the reservoirs of problem (1) 
would be, if for a given distance ^ the pipe 
of diameter d is divided into two branches 
laid side by side having diameters dt and dL, 

Fig. 101. 

Assume all the head is lost in friction. 

Let Q| be the discharge in cubic feet. 

Then, since both the branches BO and BD 
are connected at B and to the same reservoir, 
the head lost in friction must be the same m 
BO as in BD, and if there were any number 
of branches connected at B the head lost in 
them all would be the same. 

The case is analogous to that of a conductor joining two points between which 
a definite difference of potential is maintained, the conductor being divided between 
the points into several oirouits in parallel. 

The total head lost between the reservoirs is, therefore, the head lost in AB 
together with the head lost in any one of the branches. 

Let v be the velocity in AB, Vi in BO and in BD. 

Then 

and the differeoee of level between the reservoirs 



(1). 




.( 2 ). 


And .inoe th. bead lost in BO i. fha aam. a. in BD, thorefoia, 

■; 

If provisionally C| be taken as eqnol to G^, 


.( 8 ). 



now rmBOooH nem 


1S5 




■04 


be del 


' V.4* 




•w. 


j, V can be found \jj finbetiinting for Vj from (4), and time Q can 
ned. 


If AB, BO, andBD are of the same diameter and ^ is eqoal to then 

(l+D 

■♦•0Q' ‘ 


Problm 4. Pipi$ eonneeiing three re$ervcir$* As in Fig. 102, let three inpee 
AB, BO, and BD, connect three reflervoire A, 0, D, the leyel of the water In eaoh 
of which remaina constant. 

Let Vp v^i and v, be the Tclooities in AB, BO, and BB respectively, Qp (] 
and Qs the quantities flowing along these pipes in cubic feet per sec., and 
the lengths of the pipes, and dp d, and dg their diameters. 



Fig. 102. 

Let #p Sg, and s, be the heights of the surfooes of the water in the reservoirs, 
and Sq the height of the junction B above some datum. 

Let A, be £e pressure head at B. 

Assume all losses, other than those due to fnotion m the pipes, to be negligible. 
The head lost due to friction for the pipe AB is 






41 V * 

andfor thepipoBO, 

the upper or lower signs being taken, according as to whether the flow is from, or 
towards, the reservoir 0. 

Fmr the pipe BD the head lost is 

+ w* 

flinoo the flow from A and C must equal the flow into D, or else the flow 
frmqs A must equ^ the quantity entering 0 and D, therefore, 

^ »idi**rtdg*a:Vgdi* (4)* 

There axe four equations, from which tout unknowns may be found, it it is 
further known which sign to take in equations (2) and (4), There are two eaees to 
eonsideSb 
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Ca$e (a). Given the lev^ of the eurfacee of the water in the reeervoiri and 
of the junc^n B, and the lengths and diameters of the pipes, to find the quantity 
flowing aloSg each of the pipes. 

to solve this pnoblem, it is first necessary to obtadn by trial, whether water flows 
to, or from, the reservoir 0. 

First assume there is no flow ifiong the pipe BO, that is, the pressure head at 
B is equal to • Sq. 

Then from (1), substituting for V| its value , 


64W ^ 


and 


Qr 


Or 

' 8 






..( 6 ). 


from whioh an approiimate -value for oan be found. By solving (S) in the same 
aray, an approximate value for Q,, is. 


(»)• 


If Q, is found to be equal to Qi, the problem is solved ; but if Q. is greater than 
Qi, the assumed value for is too large, and if less, is too sm^l, for a diminu- 
tion in the pressure head at B will clearly diminish Q, and increase Q|, and will 
also cause flow to take place from the reservoir 0 along CB. Increasing the 
pressure head at B will decrease Q,, increase Q^, and cause flow from B to 0. 

On^is preliminary trial will settle the question of sign in equations (2) and (4) 
and the four equations may be solved for the four unknowns, and It 

is better, however, to proc^ by trial and error.*’ 

The first trial shows whether it is necessary to increase or diminish and new 
values are, therefore, given to Hq until the calculated values of V|, Ug and Vg satisfy 
equation (4). 

C€L$e (6). Given Qj, Q,, Qg, and the levels of the surfaces of the water in 
the reservoirs and of the junction B, to find tho diameters of the pipes. 

In this case, equation (4) must be satisfied by the given data, and, therefore, 
only three equations are given from which to calculate the four unbiowns cL, 
dg, dm and Hq. For a definite solution a fourth equation must consequently be 
found, from some other condition. The farther condition that may be taken is 
that the cost of the pipe lines shall be a minimum. 

The cost of pipes is very nearly proportional to the product of the length and 
diameter, and if, therefore, is made a minimum, the cost of the 

pipes will be as small as possible. 

Differentiating, with respect to Ag, the condition for a minimum is, that 




diu 


.(7). 


Substituting in (1), (2) and (8) the vahios for Vg and Vg, 

— , 


r.=- 




»s=: 




differentiating and substituting in (7) 

4.* - 
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PntHng the yalvee of Qi, Q,, and Q, in (1), (2), (8), and (8), them are four 
equations as before for four unknown quantities. 

It will be better however to solve by approximation. 

Give some arbitrary value to say d,. and calculate from equation (2). 

Then calculate d| and by putting in (1) and (3)» and substitute in 
equation (8). 

If this equation is satisfied the problem is solved, but if not, assume a second 
value for dL and try again, and so on until such values of d*, cL, ^ are obtained 
that (8) is satisfied. 

In this, as in simpler systems, the pressure at any point in the pipes ought not 
to fall below the atmospheric pressure. 

Flow through a pipe of constant diameter when the flow ie diminishing at a 
uniform rate. Let t be the length of the pipe and d its diameter. 

Let h be the total loss of head in the pipe, the whole loss being assumed to be 
by friction. 

Let Q be the number of cubic feet per second that enters the pipe at a section A, 
and Q, the number of cubic feet that iiasses the beotion B, 2 feet from A, the 
quantity Q-Q| being taken from the pipe, by branches, at a uniform rate of 

cubic feet per foot. 

Then, if the pipe is assumed to be continued on, it is seen from Iflg. 103, that 
if the rate of discharge per foot length of the 
pipe is kept constant, the whole of Q will be 
discharged in a length of pipe, 

L- 

(Q-Qi)‘ 

The discharge past any section, a feet from 
(J, will be 

_Q.* 



The velocity at the section is 

■ I ‘ 

Assuming that in an element of length dx the loss of head due to friction is 


and substituting for its value 


ch 9 


Qx Or® 




Ljd» 

a 


the loss of head due to friction in the length I is 
. n* / 4Q 

y / 4Q \’»lL«^i-(L-0"+*l 

“"ir+T\irLd>/ di« 

If Q| is sero, 2 ie equal to L, and 


/4QV L 

Vird»y 

The result is simplified by taking for dh the value 

iv^dx 
“ C*d • 

and assumiiig 0 constant 

, 04(j*li 

Tlwa **■ 




dhs 



mmkxsum 
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5. water i\7au$h long Beqidpgd Hha dUmeier of a 

^8 )bo 4^tor a given quantity of water, egainat a given effeotive head, in 
oror tmNhe ehargea on capital outlay and working ezpenaes akaU be a ininiinum. 

Xiot It ke the len^h of the pip^ d ita diameter, and h feet the head againal whkib 
Q oublo feet of water per second ia to be pum|>ed. 

Let cost per horse-power of the pumping plant and its accommodation 
he and the coat of a pipe of unit dimneter in per foot length. 

Let the cost of generating power be dm pet cent* of the capital outlay in the 
pumping station, and the interest, depreciation, and cost of upkeep of the pumping 
]^nt, taken together, be r per cent, of the capital outlay, and that of the pipe line 
ri per cent. ; r. will be less than r. The horse-power required to lift the water 
against a head h and to overcome the Motional resistance of the pipe is 


_ 60. Q. 624 
83,000 



.0U86q(*+®^). 


Lei e be the ratio of the average efFeotive horse-power to the total horse-power, 
induding the stand-by plant. The total horse-power of the plant is then 


HP. 


011S6Q / 6*48Q»1\ 


The cost of the pumping plant is N times this quantity. 
The total cost per year, P, of the station, is 


PsOHae . 


m+r N.Q/-^6*48Q*i\ 

100 • € 

Assuming that the cost of the pipe line is proportional to the diameter and to 
the length, the capital outlay for the pipe is, £nZd, and the cost of upkeep and 

100 

Therefore 


interest is ' 


is to be a minimum. 

Differentiating with xeepeot to d and equating to zero, 
3’68(m+r)K.Q>l , 

n . SnTjt, 


ntild 

100 


and 


^ 8-68(m+r)N.Q» 

• 


That is, d is independent of the length I and the bead against which the water 
is pum]^. 

Taking 0 as 80, e as 0*6 and lS±!iSas 60, then 


Vj: 

V 80] 


68 x60 
66 x*6 




» r) , y i, 100, 

Mid if i, 28, 


d-<676«/(3; 




dab *685 


hlem 6. Pipe with a nozele at the end. Suppose a pipe of length I and 
mameter D has at one end a nozzle of diameter d, through which water is dls* 
charged from a reservoir, the level of the water in whieh is h feet above the centra 
of the nozzle. 

Bequired the diameter of the nozzle so that the kinetie energy of the tet is 
a maximum. 


* See also example 61, page 177« 
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Lflt V be the velodfy of ibe vator in the pipe. 

XhflB, eiiiee tbate ia eoatinaity of flow, v Am TelooiW with which the watai 
V . D* 

lema the tuusale le — « 

The head lost by iriotion in the pipe is 

4fyn 

Sp.d“ ajD» • 

!niO Uaeflo energy of the jet per lb. of flow as it leaTSs the nosale is ^ . 

®»etetore W* 

from whieh by traneposing and taking the equare root, 



The weight of water which flows per seconds^ (P.e . w where w=the weight of 

a cubic foot of water. 

Therefore, the kinetic energy of the jet, is 


® 4 2pVl>*+VWV 


This is a maximum when 
Therefore 

^ 4 (D»+4/!d«)* (3,H)«)* - I j (2,;iD»)* (16/Id») (D» + 4/l4*)'=0...(4). 
fSramwhioh 

and D'»8/2d« 

« w 

If the nozzle is not droular but has an aiea a, then since in the circular nozzle 
of the same area 

w - 

4 

^ 16a* 


from which 


Therefore 


«=0-278 * /5. 


By substituting the value of B* from W,in (1) it is at once seen that, for 
maumnm kinetic energy, the head lost in friction is 


W”“- 


Problem 7* Taking the same data as in problem 6, to find the area of the 
nozzle tb fr* Ihe momentum of the issuing jet is a maximum. 

The momentum of the quantity of water Q which flows per second, as it leaves 

the nozziAf Is y- -— lbs, feet. The momentum M is, therefore, 

Mw-. JiP, o*. 

0 4 

Substituting lor from equation (1), problem 6, 

2w . j 

““ D'+^U* ■ 
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DifleventiAting, and e<iuating to zero, 

D»-4//d*=s0, 


and 




04 . 


If the nozzle has an area a, ts 


and 


• 392^3 


’i)S 

/i' 


Snbstitating for D* in equation (1) it is seen that when the momentum is a 
maximum half the head k is lost in friction. 

Problem 6 has an important application, in determining the ratio of the size 
of the supply pipe to the orifice supplying water to a Pclton 'Wheel, while problem 7 
gives the ratio, in order that the pressure exerted by the jet on a fixed plane 
perpendicular to the jet should be a maximum. 

Problem 8. Lom of head due to friction tn a pipe^ the diameter of which va/riee 
uniformly • Let the pipe be of length I and its diameter vary uniformly from d^ 
to 

Suppose the sides of the pipe produced until they meet in P, Pig. 104. 


Then 


8 dn . ^ Id. 

8+l"d, 

The diameter of the pipe at any distance x from the small end is 

^^4(8+*) 


.(!)• 


8 


4v*dx 


The loss of head in a smoll element of length dx is , v being the velocity 
when the diameter b d. 



If Q is the flow in cubic ft. per second 

Q ^4 Q 




d* 


The total loss of head h in a length I is 

, dx 


“J» »=0*<P> 

ft 64.Q»S*<to 
16Q». 8 V 1 1 


V8*"(8+Q*)' 

Substituting the value of S fh>m equation (1) the loss of head due to friction 
can be determined. 


Problem 9. Pipe line eomieUng of a number of pipee of different diametere. In 
practice only short conical pipes are nsed, as for instance in the limbs of a Venturi 
meter. 

If it is desirable to diminish the diameter of a long pipe line, instead of using 
a pipe the diameter of which varies uniformly with the length, the Hue b xoade up 
of a number of parallel pipes of different dbmeters and lengths. 
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Iict be the lettgthe end d|, d|, the dlemetem vespeefeiydj. of 

the eeotione of the pipe. 

The total Iom of head doe to fHotion, if 0 be aesomed eon«»taiit, ie 




The diameter d of the pipe» which, for the same total length, woold giye the 
same diaoharge lor the same loss of head due to friction, can be loond tom the 
equation ^ 


4-+ i. 4 . iL + 


The length L of a pipe, of constant diameter D, which will give the same 
discharge for the same loss of head by friction, is 




Problem 10. Pipe acting ae a eiphon. It is sometimes necessary to take a 
pipe line over some obetrnction, such as a hill, which necessitates the pipe rising, 
not only above the hydraulic gradient as in Fig. 87, but even above tne original 
level of the water in the reservoir from which the supply is derived. 

Let it be sni^osed, as in Fig. 105, that water is to be delivered tom the reservoir 
B to the reservoir 0 throtigh the pipe BAO, which at the point A rises hi feet above 
the level of the surface of ^e water in the upper reservoir. 



Fig. 105. 


Let the difference in level of the surfaces of the water in the reservoirs 
be /t, feet 

Let be the pressure head equivalent to the atmospheric pressure. 

To start the flow in the pipe, it will be necessary to fill it by a pomp or other 
artifidal means. 

Let it be assamed that the flow is allowed to take place and is regulated so that 
it is conrinuons, and the velocity c is as large as possible. 

Then neglecting the velocity head and resistances other than that dne to friction, 

«• 

L and d being tbo length and diameter of the pSiw res^tively. 

The hydrautio gradient is practically the straight line BE. 

Theoretically if AF is made greater than which is about 84 feet, the pressure 
at A becomes negative and the flow will cease. 

Practically AF cannot be made much greater than 85 feet. 

To find the masHmum velocity poeMle in the rieing limb AB, to that the pressure 
he€td at A ehail juet be eero. 

Let be this velooity. Let the datum level be the surface of the water la Q, 

11 


L. U. 
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Tfa«l 

But 

Therefore negleetiug d in the denominator 




I{ ibe pnaann head ie not to be lees than 10 feet of ^tor, 

/ 2g(ft.-10-b.)<f 

"~V 


If ie leee than p, the dieobarge of the eiphon will be determined by this 
limiting velocity, and it will be necessary to throttle the pipe at C by means of a 
valve, so as to keep the limb AO full and to keep the ** siphon ” from being broken. 

In designing such a siphon it is, therefore, neocssary to determine whether the 
flow through the pipe as a whole under a head is greater, or less than, the flow 
in the risiug limb under a head 

If AB is short, or kj so small that is greater than v, the head absorbed by 
friction in AB will be 

2gd * 

If the end 0 of the pipe is open to the atmosphere instead of being connected to 
a reservoir, the total head available will be instead of kg. 


111. Velocity of flow in pipes. 

The mean velocity of flow in pipes is generally about 3 feet 
j jpr but in pipes supplying water to hydraulic machmes it 

may be as high as 10 feet per second, and in short pipes much 
higher velocities are allowed. If the velocity is high, the loss of 
head due to friction in loug pipes becomes excessive, and the risk 
of broken pipes and valves through attempts to rapidly check 
the flow, by the sudden closing of valves, or other causes, is 
considerably increased. On the other hand, if the velocity is too 
small, unloss the water is very free from suspended matter, 
sediment* tends to collect at the lower parts of the pipe, and 
further, at low velocities it is probable that fresh water sponges 
and polyzoa will make their abode on the surface of the pipe, and 
thus diminish its carrying capacity. 

112. Transmission of power along pipes by hydranlio 
pressure. 

Power can be transmitted hydraulically through a considerable 
distance, with very groat efficiency, as at high pressures the per 
centago loss due to friction is small. 

Let water be delivered into a pipe of diameter d feet under a 
head of H feet, or pressure cf p lbs. per sq. foot, for which the 

equivalent head is feet. 

* An intereBting example of this is quoted on p. 82 Trans. Am.S.OpB, 
Vol. XLIV. 
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Let the Telocity of flow be « feet per second, and the length of 
the pipe L feet. 

The head lost dne to friction is 

" 2ff.d 

and the energy per pound available at the end of the pipe is, 
thereforei 

w 4^1L 
““ 2gd * 

or 

. . v> 2gd' 

The efficiency is 

H-A_- h 
H 

1 

The fraction of the given energy lost is 

h 

m=g. 

For a given pipe the efficiency increases as the velocity 
diminishes. 

If / and L are supposed to remain constant, the efficiency is 
constant if ^ is constant, and since v is generally fixed from 

other conditions it may be supposed constant, and the efficiency 
then increases as the product c2H increases. 

K W is the weight of water per second passing through the 
pipe, the work put into the pipe is W . H foot lbs. per second, the 
available work per second at the end of the pipe is W (H - A), and 
the horse-power transmitted is 

^ ftoO 650 ^ 

W=62-4j(P», 

_ tr d*v 62‘4 /■rr_4^lA 
4 560 \ '2g<l ) 

» ‘OSOwePH (1 — to). 

A.M /dmil 

= 0-357 


Since 

*fhe horse-power 


From (1) 
therefore, 

and the horse-power 


/L 

JldiRHl-m). 

gee e .ample CO, page 177 . 


11_8 



m 
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U p is the pireBsare per sq. inch 




and the horse-power « 1*24 ^ ^ (1 - m). 

From this equation if m is given and L is known the diameter d 
to transmit a given horse-power can he found, and if d is known the 
longest length L that the loss shall not be greater than the given 
fraction m can be found. 

The cost of the pipe line before la3ring is proportional to its 
weight, and the cost of laying approximately proportional to its 
diameter. 

If Hs the thickness of the pipe in inches the weight per foot 
length is lbs., approximately. 

Assuming the thickness of the pipe to be proportional to the 
pressure, i.e. to the head H, 

t^kp^ &H, 

and the weight per foot may therefore be written 

w = kid . H. 

The initial cost of the pipe per foot will then be 
0 * JcikidR - K . d . H, 

and since the cost of laying is approximately proportional to d, 
the total cost per foot is 

P = K.d.H + Kid. 

And since the horse-power transmitted is 

HP = -357^^d*H*(l -m), 

for a given*horse-power and efficiency, the initial cost per horse- 
power including laying will be a minimum whon 

0-357 \/^ (1 - m) 

K.i.H+Jijd 

is a maximtiin. 

In large works, docks, and goods yards, tke hydraulic trans* 
mission of power to cranes, capstans, rireters and other machines 
is largely used. 

A common pressure at which water is supplied from the pumps 
is 700 to 750 lbs. per sq. inch, but for special puriXHes, it is 
sometimes as high as 3000 lbs. per sq. inch. These high presBures 
are, however, frequently obtained by using an intensifier (Ch. XI) 
to raise the ordinary pressure of 700 lbs. to the pressure required. 

* Sea exs'npfe 61, page 177. 
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Hw demand for Ijydranlio power for tihe working of lifts, eto. 
has led to the laying down of a network of mains in several of the 
large cities of Great Britain. In London a mean velocity of 4 feet 
per second is allowed in the mains and the pressure is 750 lbs. 
per sq. inch. In later installations, pressures of 1100 lbs. per 
sq. inch are used. 


113. The Ihniting diameter of east-iron pipes. 

The diameter d for a cast-iron pipe cannot be made very large 
if the pressure is high. 

If p is the safe internal pressure per sq. inch, and « the safe 
stress per sq. inch of the metal, and and rt the internal and 
external radii of the pipe. 


p= 


8 


r,* + r,» 




Fop a pressure p = 1000 lbs. per sq. mob, and a stress a of 
3000 lbs. per sq. inch, t% is 5*65 inches when n is 4 inches, or the 
pipe requires to be 1*65 inches thick. 

If, therefore, the internal diameter is greater than 8 inches, the 
pipe becomes very thick indeed. 

The largest cast-iron pipo used for this pressure is between 
7" and 8'" internal diameter. 

Using a maximum velocity of 5 feet per second, and a pipe 
inches diameter, the maximum horse-power, neglecting friction, 
that can be transmittc J at 1000 lbs. per sq. inch by one pipo is 

^ 44*18 X 1000 5 

— Ko 

«400. 


The following example shows that, if the pipe is 13,300 &et 
long, 15 per cent, of tlie power is lost and the maximum power 
that can be transmitted with this length of pipe is, therefore, 
320 horse-power. 

Steel mains are much more suitable for high pressures, as the 
working stress may be as bigh as 7 tons per sq. inch. The greater 
plasticity of the metal enables them to resist shock more readily 
than cast-iron pipes and slightly higher velocities can be us(‘d. 

A pipe 15 inches diameter and | inch thick in which the 
pressure is 1000 lbs. per sq. inch, and the velocity 5 ft. per second, 
is able to transmit 1600 horse-power. 


BxampU, Pownr is tranBiiiitted along a cast-iron main 7| inobca diameter at 
a preaenre 1000 lbs. per sq. inch. The yelooity of the \tater is 5 leet per aaoond. 

Find the maximum distance the power can be transuutted so that the effioienoj 
U not last than 


^ Ewing's Strength qf MaUHaU. 
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thmforo 


from which 


<{^0'625fe6t, 

H=19^*=2800. 

;*=0 16 x 2300 
=845 feet. 

, _4 x 0-0104 X 26. L 
2^x0-625 • 

346 X 64-4x0-626 
0-0104x100 
= 13,800 feet. 


Pig. 106. 


Pig. 107. 


114. Pressures on pipe bends. 

If a bent pipe contain a fluid at rest, the intensity of pressure 
being the saine in all directions^ j. 

the resultant force tending to move r 

the pipe in any direction will be JiJJ ?\\ 

the pressure per unit area multiplied ] I 

by the projected area of the pipe 

on a plane perpendicular to that ir — 

direction. m., 

If one end of a right-angled /tl 

elbow as in Pig. 106 bo bolted to 
a pipe full of water at a pressure p 

pounds per sq. inch by gauge, and on the other end of the elbow 
is bolted a flat cover, the tension in the bolts at A will be the 
same as in the bolts at B. The pressure on the cover B is clearly 
'7854pd\ d being the diameter of the pipe in inches. If the elbow 
be projected on to a vertical plane the projection of ACB is da^/c, 
the projection of DEF is ahefe. The resultant pressure on the 
elbow in the direction of the arrow is, therefore, p . abed = •7854p6P. 

If the cover B is removed, and water flows through the pipe 
with a velocity v feet per second, the horizontal momentum of the 
water is destroyed and there is an additional force in the direction 
of the arrow equal to •7854iodV/144i7. 

When flow is taking place the vertical force tending to lift the 
elbow or to shear the bolts at A is ^ ^ 

•785tP(p+^). -R” 


If the elbow is less than a right v\ 

angle, as in Pig. 108, the total 'WClT .Q 

tension in the bolts at A is ^ 

T =• p (daehge - aefge) + ( 1 " ®08 

and mnoe the area aehgeb is common to the two projected areas. 
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Consider now a pipo bent as shown in Fig. 109| the limbs AA 
and FF being parallel, and the water being supposed at rest. 

The total force acting in the direction AA is 

P « p {dcghea - aefgcb + d!c gh'e'a - a!e*fg'(!V\^ 
which clearly is equal to 0. 



If now instead of the fluid being at rest it has a uniform 
velocity, the pressure must I'omain constant, and since there is no 
change of velocity there is no change of momentum, and the re- 
sultant pressure in the direction parallel to AA is still zero. 

There is however a couple acting upon the bend tending to 
rotate it in a clockwise direction. 

Let p and q bo the centres of gravity of the two areas daehgc 
and aefgcb respectively, and m and n the centres of gravity of 

and a^cf'fcV. 

Through these points there are parallel forces acting as shown 
by the arrows, and the couple is 

M-=P'.mn-P.pgf. 

The couple P . pg is also equal to the pressure on the semicircle 
adc multiplied by the distance between the centres gravity of 
adc and e/g, and the couple P' , mn is equal to the pressure on ad'c* 
multiplied by the distance between the centres of gravity of a'd'c 
and ef*g\ 

Then the resultant couple is the pressure on the semicircle efg 
multiplied by the distance between the centres of gravity of efg 
and eTg\ 

If the axes of FF and AA are on the same straight line the 
couple, as well as the force, becomes zero. 

It can also be shown, by similar reasoning, that, as long as the 
diameters at F and A are equal, the velocities at those sections 
being therefore equal, and the two ends A and F are in the same 
straight line, the force and the couple are both zero, whatever the 
foiTH of the pipo. If, therefore, as stated by Mr Froude, **the 
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two ends ol » tortnoos pipe are in the same straight line^ there is 
no tendency for the pipe to move ” 


115. Pressore on a plate In a pipe filled with fiowing water. 

The pressure on a plate in a pipe filled with flowing water« with 
its plane perpendicttlar to the direction of flow, on certain assump- 
tions, can be determined. 

Let PQ, Fig. 110, be a thin plate of area a and lot the sectional 
area of the pipe be jL 

The stream as it passes the edge of 
the plate will be contracted, and the 
section of the stream on a plane gd will 
be e(A-a), e being some coefficient of 
contraction. 

It has been shown on page 52 that 
for a sharp-edged orifice the coefficient 
of contraction is about 0‘625, and when 
part of the orifice is fitted with sides so that the contraction is 
incomplete and the stream lines are in part directed perpendi- 
cular to the orifice, the coefficient of contraction is larger. 

If a coefficient in this case of 0’66 is assumed, it will probably 
be not far from the truth. 

Let Yi be the Telocity through the section gd and Y the mean 
Telocity in the pipe. 

The loss of head due to sudden enlargement from gd to e/ is 

<Y.-Y)» 

2g * 



Let the pressures at the sections ab, gd, ef be p, p, and pt i>ounds 
per square foot respectiTely. 

Bemouilli’s equations for the three sections are then, 


V) 2g w 2g 


( 1 ), 


and 


to 2g to 2g 2g 


( 2 ). 


Adding (1) and (2) 

(P P«V ( Yi-Y)* 

\to to/ “ 2g 

The whole pressure on the plate in the direction of motion is then 


"to. a 


Y*/ A 
•2pV66(A-a) 




Tia^^A, 
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V* 

P = 4toa nearly. 

T» O'Kkr.a. V* 

116 . Freanire on » cylinder. 

If instead of a thin plate a cylinder bo placed in the inpe, 
with its axis coincident with the 'axis of the pipe. Pig. Ill, there 
are two enlargements of the section of the water. 

As the stream passes the up-stream edge of the cylinder, it 
contracts to the section at cd, and then enlarges to the section 
ef. It again enlarges at the down-stream end of the cylinder 
bxim the section ef to the section gh. 



Fig. 111. 


Let Vi, V2, v», V4 be the velocities at ab, cd, ef and gh re- 
spectively, 04 and Vi being equal. 

Between cd and ef there is a loss of head 

2g ' 

and between ef and gh there is a loss of 

2g * 

The Bexnouilli’s equations for the sections are 


+ = 

w 2g w 2g 

^ + *± = 2^ + ^!l=,&+!!l + 

V) 2g w 2g w 2g 2g 

& + o E« + ^ + fa — 

w 2g w 2g 2g 

Adding (2} and (3), 

(»«-«»)* ■ (t>,-rO* 
w 2g ^9 ' 


( 1 ). 

( 2 ), 


( 3 ). 
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n tiw coefficient of contraction at c<Z is c, the area at ed 

*c (A - a). 


Then 

Therefore 


Vi . A j <> 1 A. 

= — n \ and ®»=T — 

c.(A-o) A-o 


and the pressure on the cylinder is 

P=(pi-“P4).a* 


EXAMPLES, 

(1) A new cast-iron pipe is 2000 ft. long and 6 ins. diameter. It is to 
discharge 60 c, ft. of water per minuto. Find the loss of head in friction 
and the virtual slope. 

(2) What is the head lost per mile in a pipe 2 ft. diamoter, discharging 
6,000,000 gallons iti 24 hours ? /= *007. 

(8) A pipe is to supply 40,000 gallons in 24 hours. Head of water 
above point of discharge =06 ft. Length of pipe»2J miles. Find its 
diameter. Take C from Table Xll. 

(4) A pipe is 12 ins. in diameter and 8 miles in length. It connects 
two reservoirs with a difference of lovel of 20 ft. Find the discharge per 
minute in c. ft. Use Darcy’s coefficient for corroded pipes. 

(5) A water main has a virtual slope of 1 in 900 and discharges 85 o. ft 
per second. Find the diameter of tlie main. Coefficient / is 0*007. 

(6) A pipe 12 ins. diameter is suddenly enlarged to 18 ins., and then to 
24 ins. diameter. Each section of pipe is 100 feet long. Find the loss of 
head in friction in each length, and the loss due to shock at each enlarge- 
ment. The discharge is 10 c. ft. per second, and the coefficient of friction 
/b* 0106. Draw, to scale, the hydraulic gradient of the pipe. 

, (7) Find an expression for tlio relative discharge of a square, and a 
circular pipe of tho same soction and slope. 

A pipe is 6 ins. diameter, and is laid for a quarter mile at a slope 
of 1 in 60; for another quarter mile at a slope of 1 in 100; and for a third 
quarter milft is level. The level of the water is 20 ft. above the inlet end, 
and 0 ft. above the outlet end. Find the discharge (neglecting all losses 
except friction) and draw the hydraulic gradient. Mark the pressure 
in the pipe at each quarter mile. 

(9) A pipe 2000 ft. long discharges Q o. ft. per second. Find by how 
much the discharge would be increased if to the last 1000 ft. a second pipe 
of the same size wore laid alongside the first and tho water allowod to flow 
equally well along cither pipe. 
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(XO) A remrvcif, the levd of which is 50 ft. above datum, dischargBS 
into a second reservoir 80 ft. above datum, throng a 12 in. pipe, 5000 ft. < 
in length; dud the discharge. Also, taking the levols of the pipe at the * 
upper reservoir, and at each successive 1000 ft., to be 40, 25, 12, 12, 10, 15, 
ft. above datum, write down the pressure at each of these points, and 
sketch the position of the lino of hydraulic gradient. 

(11) It is required to draw oft the water of a reservoir through a 
pipe placed horizontally. Diameter of pipe 6 ins. Length 40 ft. Ef- 
fective head 20 ft. Find the discharge x>cr second. 

(12) Givon the data of Ex. 11 find the discharge, taking into account 
the loss of head if the pipe is not bcU-mouthed at either end. 

(18) A pipe 4 ins. diameter and 100 ft. long discharges i c. ft. i)er 
second. Find the head expended in giving velocity of entry, in overcoming 
mouthpiece resistance, and in friction. 


(14) Heqnired the diamotor of a pipe having a full of 10 ft. per mile, 
and capable of delivering water at a volocity of 8 ft. per second when dirty. 


(16) Taking the coefficient / as 0*01 bow much water 

would be discharged through a 12-inch pipe a mile long, connecting two 
resorvoirs with a difference of level of 20 feet. 


(16) Water flows through a 12 inch pipe having a virtual slope of 8 feet 
per 1000 feet at a velocity of 3 foot per second. 

Find the friction per sq. ft. of surface of pipe in lbs. 

Also the value of / in tho ordinary formula for flow in pipes. 

(17) Find tho relativo discharge of a 6-inch main with a slope of 
1 in 400, and a 4-inch main with a slopo of 1 in 50. 

(18) A 6-inch main 7 miles in length with a virtual slope of 1 in 100 
is replaced by 4 miles of G-inch main, and 8 milos of 1-inch main. Would 
the discharge be altered, and, if so, by how mudi ? 

(19) Find the velocity of flow in a water main 10 miles long, con- 
necting two reservoirs with a difforeuco of level of 200 feet. Diameter of 
main 15 inchos. Coefficient /» 0*009. 

(20) Find the dischargo, if the pipe of the last question is replaced for 
the first 5 miles by a pipe 20 inches diameter and the remainder by a pipe 
12 inchos diamotor. 


(21) Calculate the loss of head per mile in a 10-indi pipe (area of cross 
section 0*54 sq. ft.) when the disci large is 2^ c, ft. per second. 

(22) A pipe consists of ^ a milo of 10 incli, and ^ a mile of 5-mch pipe, 
and conveys 2^ c. ft. i)er second. State from the answer to the previous 
question the loss of head in each section and sketch a hydraulic gradient. 
The head at tho outlet is 6 ft. 


(28) What is the head lost in friction in a pi];>o 8 foot diameter 
di ftflhfly gtng 6,000,000 gallons in 12 hours? y, 

(24) A pipe 2000 feet long and 8 inches diameter is to discharge 85 c. ft, 
per minute. What must be the head of water ? 
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0(6) A pipe 6 inches diamelart 60 feet long, ia cxmnacted to the botton 
cl i took 60 feet long by 40 feet ivide. The original head over the open 
end o< the ^pe is 16 feet. Find ike tone of emptying toe tank, awwiraing 
the entrance to the pipe is Bhsrp>edg8d. 

If A—toe head over the exit of toe pipe at any momeutt 
. «* , -60*^ 4 /V 60 ' 


from whichf 




®"l-6+40Qf 
In time 0f , the discharge ia 

In time dt the aurface falls an amoimt dh. 


Therefore 


0196\/2flf 
1-6 +400/ 


df«60K40. 


dh 


Integratingf 

2000(1-6 +400/) 2 79000(1 - ^+400/) 

0196 V2(; ” •J2g 


(26) The internal diameter of the tubes of a condenser is 0-654 inches. 
The tubes are 7 feet long and the number of tubes is 400. The number of 
gallons per minute flowing through the condenser is 400. Find the loss of 
head due to friction as the water flows throng the tubes. /» 0*006. 

(27) Assuming fluid friction to vary as the square of the velocity, And 
an expression for the work done in rotating a disc of diameter i> at an 
angular velocity a in water. 


(^) WheA horse-power con be conveyed through a 6-in. main if the 
working pressure of the water supplied from the hydraulic power station is 
700 lbs. per sq. in.? Assume that the velocity of the water is limited to 
8 ft per second. 


(^) Ei^ty-two horse-power is to be transmitted by hydraulic pressure 
a distance of a mile. Find the diameter of pipe and pressure required for 
an efOciency of -9 when the velocity is 5 ft. per see. 

The frictional loss is given by equation 

41 




2g • d 


(80) Find the inclination necessary to produce a velocity of 4| feet per 
second in a steel water main 81 indhes diameter, when running full and 
discharging with free outlet, using the formula 

^_-0005w»’®« 


(81) The followmg values of the slope i and the velocity v were 
detennined from an experiment on flow in a pipe *1296 ft. diam» 
i -00022 -00182 -00660 -02889 -04848 -12815 -224Q8 

V -206 -606 1-262 2-686 0-698 6*810 6*621 
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Dotomine h mS. n in the fonatiU 

Also detenniiie values of 0 for this pipe lor velocities of ^5, 1, 8, 6 and 
7 feet per see. 

(82) The total length of the Ooolgardie steel aqneduct is 807| miles 
and tl^ diameter 80 inches. The discharge per day may be 8,600,000 
gallons. The water is lifted a total height of 1499 feet. 

Find (a) the head lost due to fi;iotion, 

(h) the total work done per minute in raising the water. 

(88) A pipe 2 feet diameter and 500 feet long without bends famishes 
water to a turbine. The turbine works under a head of 25 feet and uses 
10 o, ft. of water per second. What percentage of work of the fall is lost 
in friction in the pipe? 

OoefScient 

(84) Eight thousand gallons an hour have to be discharged through 
each of six noszles, and the jot has to reach a height of 80 ft. 

If the water supply is 1^ miles away, at what elevation above the 
nozzles would you place the required reservoir, and what would you 
make the diameter of the supply main ? 

Give the dimensions of reservoir you would provide to keep a 
constant supply for six hours. Loud. Un. 1908. 

(85) The pipes laid to connect the Yymwy dam with Liverpool are 
42 inches diameter. How much water will such a pipe supply in gallons 
per diem if tlie slope of the pipe is 4^ feet per mile? 

At one pomt on the line of pipes the gradient is 6|f feet per mile, and the 
pipe diameter is reduced to 89 inches; is this a reasonable redaction iu the 
dimension of the oross section ? Lond. Un. 1905. 

(86) Water under a head of 60 feet is discharged through a pipe 
6 inches diameter and 150 feet long, and then through a nozzle the area of 
which is ono-tonth the area of the pipe. Neglecting all losses except friotioni 
hud the velocity with which the water leaves the nozzle. 

(87) Two rectangular tanks each 60 feet long and 50 feet broad are 
connected by a horizontal pipe 4 inches diameter, 1000 f&ei long. The 
head over the centre of the pipe at one tank is 12 foot, and over the other 
4 feet when flow commences. 

Determine the time takon for the water in the two tanks to oome to the 
some leveL Assume the cooffioient C to be constant and equal to 90. 

(88) Two reservoirs are connected by a pipe 1 mile long and lO'* 
diameter; the diflcience in the water surface levels being 25 ft. 

Determine the flow through the pipe in gallons per hour and find 
how mudi the discharge would be increased if for the last 2000 ft. a fieoond 
pipe of lO'" diameter is load alongside the first. Lond. Un. 1906. 

(89) A pipe 16^ diameter leads from a reservoir, 800 ft. above the 
datum, and is continued for a length of 6000 ft. at the datum, the 

15,000 ft For tlxo last 5000 ft of its length water is drawn dH by 
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service pipes at the rate of 10 c. ft. per min. per 500 ft. nniformly. Find 
the'pressoxe at the end of the pipe. Land. Un. 1006. 

(40) 850 horse-povrer is to ho transmitted by hydranlio pressure a 
distance of 1^ miles. 

Find the number of 6 ins. diameter pipes and the pressure required for 
an efficiency of 92 per cent. /«>*01. Take o as 8 ft. per sec. 


(41) Find the loss of head due to friction in a water main L feet long^ 
whidi receives Q cubic feet per second at the inlet end and delivers 

^ cubic foot to branch mains for each foot of its length. 

What is the form of the hydraulic gradient? 


(42) A reservoir A supplies water to two other reservoirs B and 0. 
The diFerenco oi level between the surfaces of A and B is 75 feet, and 
between A and 0 97*5 feet. A common 8-inch cast-iron main supplies for 
the first 850 feet to a point D. A fi-inch main of length 1400 feet is then 
carried on in the sanie straight line to B, and a d-inch main of length 
630 feet goes to 0. The entrance to the 8-inch main is bell-mouthed, and 
losses at pipe exits to the reservoirs and at the junction may be neglected. 
Find the quantity discharged per minute into the reservoirs B and G. 
Take the coefficient of friction (/) as *01. Loud. Un. 1907. 

(48) Describe a method of finding the **1 obs of head*' in a pipe duo to 
the hydraulic resistances, and state how you would proceed to find tho 
loss as a function of the velocity. 

(44) A pipe, I feot long and D feet in diameter, leads water from a 
tank to a nozzle whose diameter is d, and whose centre is h feet below 
the level of water in tlic tank. Tho jot impinges on a fixed plane 
surface. Assuming that tho loss of head due to hydiaulic resistance is 
given by 

show that the pressure on tho sui'face is a maximum when 

(45) Find tlio flow through a sower consisting of a cast-iron pipe 
12 indioB diameter, and having a fall of 8 feot per mile, when discharging 
full bore. O8»100. 


(46) A pipe 9 inches diameter and one mile long slopes for the first 
hAlf ndlo at 1 in 200 and for the second half mile at 1 in 100. The pressure 
head at the higher end is found to be 40 foot of water and at the lower 
20 feet. 

Find tho velocity and flow through the pipe. 

Draw the hydraulic gradient and find the pressure in feet at 500 feot 
and 1000 feet from the higher end. 

(47) A town of 250,000 inhabitants is to be supplied with water^ Hall 
the daily supply of 82 gallons per head is to be delivered in 8 hours. 

The service reservoir is two miles from tho town, and a fall of 10 feet 
per mile can be allowed in the pipe. 

Wbat must be the size of the pipe? O«s^90. 
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(4^ A water Is to be laid in a street 800 yards long with houses 
on ^tb sides of the street ci 24 feet frontage. The average number of 
inhabitants of each house is 6» and the average consumption of water for 
each person is 80 gallons in 8 hrs. On the aBBumi>tion that the pipe is laid 
in four equal lengths of 200 yards and has a uniform slope at 7^, and that 

whole of the water flows through the first Icngtht three-fourths through 
the second, one half through the third and one quarter through the fourth, 
and that the value of 0 is 90 for the whole pipe, find the diameters at the 
four parts of the pipe. ^ 

(49) A pipe 8 miles long has a uniform slope of 20 feet per mile, and is 
18 uu^es diameter for the first mile, 80 indhes for the second and 21 
inches for the third. The pressure heads at the higher and lower ends of 
the pipe are 100 feet and 40 feet rcspectivoly. Find the discharge through 
the pipe and determine the pressure heads at the commencement of the 
80 inches diameter pipe, and also of the 21 inches diameter pipe. 

(50) The difference of level of two roservoirs ten miles apart is 80 feet. 
A pipe is required to connect thorn and to convoy 45,000 gallons of water 
per hour from the higher to tlio lower reservoir. 

Find the necessary diameter of the pipe, and sketch the hydraulic 
gradient, assuming 0*01. 

The middle part of the pipe is 120 feot below tho suiface of the upper 
reservoir. Calculate the pressure head in the pipe at a point midway 
between the two reservoirs. 


(51) Some hydraulic machines are served with water under pressure 
by a pipe 1000 foot long, the pressure at the machines being 600 lbs. per 
square inch. The horse-power developed by the machine is 800 and tho 
friction horse-power in the pipes 120. Find tho necessary diameter of the 

I 

pipe, taking the loss of head in feet as 0*03 ^ ^ ^ ^b. per square 

inch as equivalent to 1 foot head. Also dotermino tho pressure at which 
the water is delivered by the pump. 

What is the maximum horse-power at which it would be jjossible to 
work the macliincs, the pump pressure remaining the same ? Lond. Un. 
1900. 


(52) Discuss Reynolds* work on tho critical velocity and on a general 
law of resistance, describing the oxporimontal apparatus, and showing the 
connection with tho experiments of Poisouille and D'Arcy. Lond. Un. 
1906. 

(58) In a condenser, the water enters through a pipe (section A) at the 
bottom of the lower water head, passes through tho lower nest of tubes, 
then through tho upper nest of tubes into the upper water head (section B). 
The sectional areas at sections A and B are 0*196 and 0*95 sq. ft. respeo*, 
tively; the total sectional area of flow of the tubes forming the lower nest 
is 0*814 sq. ft., and of tho upper nest 0*75 sq. ft., the numbor of tubes being 
respectively 868 and 826. The length of all the tubes is 6 feet 2 inches. 
When the volume of the circulating water was 1*21 c. ft. per see., the 
observed difference of pressure head (by gauges) at A and B was 6*5 feet 
Find the total actual head necessary to overcome frictional resistance! and 
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iiliie oottflldSeiKt cf h^cbranUc resistanoe referred io A* If the ooeQdettfe et 
frldfoa ) Iw the inbes is taJsen to be *015, find the coeflcieiit of hydramHo 
ri^Htiatiitee lor the tubes alone, and compare with the actual eacperiment. 
Land. Tin. 1906. {Cr^head lost divided by veH. head at A.) 

(54) An c^n stream, which is discharging 20 c. ft of water per 
second is passed under a road by a siphon of smooth stoneware pipe, the 
section of the siphon being cylindrical, and 2 feet in diameter. When the 
stream enters this siphon, the siphon descends vertically 12 feet, it 
then has a horizontal length of 100 feet, and again rises 12 feet. If all the 
bends ore sharp right-angled bends, what is the total loss of head in the 
tunnel due to the bends and to the friction ? 0 117. Lond. Un. 1907. 




(55) It has been shown on page 159 that when the kinetio energy of a 
jet issuing from a nozzle on a long pipe line is a maximum, 

"e/L* 

Ilenoo find the minimum diameter of a pipe that will supply a Pelton 
Wheel of 70 per cent, ofdciency and 500 brahe horse-power, the available 
head being 600 feet and the length of pipe 8 miles* 


(56) A fire engine supplies water at a pressure of 40 lbs. per square 
inch by gauge, and at a velocity of 6 feet per second into a pipe 8 inches 
diameter. The pipe is led a distance of 100 feet to a nozzle 25 feet above 
the pump. If the coefficient / (of friction) in the pipe be *01, and the actual 
lift oi the jet is | of that due to the velocity of efflux, find the actual height 
to which the jet will rise, and the diameter of tho nozzle to satisfy the 
conditions of the problom. 


(57) Obtain expressions (a) for the head lost by friction (expressed in 
feet of gas) in a main of given diameter, when the main is horizontal, and 
when the variations of pressure are not great enough to cause any important 
diange of volume, and (b) for the discharge in cubic feet per second. 

Apply your results to tho following example:-— 

The main is 16 inches diameter, the length of the main is 800 yards, 
the density of the gas is 0'56 (that of air »1), and tlio diHerence of pleasure 
at the two ends of tho pipe is ^ inch of water; find: — 

(a) The head lost in foot of gas. 

(jb) Tho discharge of gas per hour in cubic foot. 

Wei^t of 1 cubic foot of air «= 0*08 lb.; weight of 1 cubic foot of water 
62*4 lbs.; coefficient / (of friction) for the gas against the walls of the pipo 
0*d06. Lond. Un. 1905. 

(See page 118 ; substitute for w the weight of cubic foot of gas.) 

(58) Three reservoirs A, B and C are connected by a pipe leading 
from each to a junction box P situated 450^ above datum. 

The IftTi giha of the pipes are respectively 10,000', 5000' and OOOO' and the 
levels of the still water surface in A, B and 0 ore 800', 600' and 200' above 
datum. 

Calculate the magnitude and indicate the direction of mean velocity in 
each pipe, tahing us 100 %/mi, the pipes being all the same diameter, 
namely 15". Lond. Un. 1905. 



FtOW THBOUOH FIFES 


177 


(59) A plt>e S' ff diameter* bends ihrotigb 45 degrees on a radius of 
25 Determine ^ibe displacing force in the direction of the radial line 
bisecting the angle between the two limbs of the pipe, when the head of 
water in the pipe is 250 feet* 

Show also that, if a uniformly distributed pressure be applied in the 
piano of the centre lines of the pipe, normally to the pipe on its outer 
surface, and of intensity 

E+r75^'^» 

per unit length, the bond is in equilibrium* 

iiearadius of bend in foot. d»diametcr of pipe, 
hsehead of water in the pipe. 

(60) Show that the energy transmitted by a long pipe is a maximum 
when one-third of the energy put into the pipe is lost in friction. 

The energy transmitted along the pipe per second is 



p being the pressure per sq. foot at the inlet end of pipe. 
Differentiating and equating to zero 

dE / „ 4/v»Z\7r ,2 . 


or, head lost by frictions* I ^ • 

(01) For a given supply of water delivered to a pipe at a given 
pressure, the cost of upkeep of the pipe line may be considered as made up 
of the capital charges on initial cost, plus repairs, plus the cost of energy 
lost in the pipe line. The repairs will be practically proportional to the 
original cost, i.€. to tlie capital charges. The original cost of the pipe line 
may be assumed proportional to the diameter and to the length. The 
annual capital charges P are, therefore, proportional to Id, or 

ps=mZd. 

If W is the weight of water pumped per annum, the energy lost per 
year is proportional to 

2^.d ’ 

or, since v is proportional to W divided by the area of the pipe, the total 
annual cost Pi may be written. 


Pi 


ssmld+mj 


4/W» 


For Pi to be a minimum, 


dd 


should be zero. 


Thor of ore 


dPi 

dd'' 


!mZ-6wi 


or, 


mZds*6 .nil 


4 /ZW« 

2pd® 

4/ZW» 

2ijrdfi 


That is, the annual cost due to charges and repairs should be equal to 
5 times the cost due to loss of energy. 

If the cost of pipes is assumed proportional to d\ Pi is a minimum 
when the annual cost is ) of the cost of the energy lost. 

L. H. 12 
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FLOW IN OPEN CHANNELS. 

117. Varl&ty of the ^onas of channels. 

The study of the flow of water in open channels is much more 
complicated than in the case of closed pipes, because of the 
infinite variety of the forms of the channels and of the different 
degrees of roughness of the wetted surfaces, varying, as they do, 
from channels lined with smooth boards or cement, to the irregular 
beds of rivers and the rough, pebble or rook strewn, mountain 
stream. 

. Attempts have been made to find formulae which are applicable 
to any one of these very variable conditions, but as in the case of 
pipes, the logarithmic formulae vary with the roughness of the 
pipe, so in this case the formulae for smooth regular shaped channels 
cannot with any degree of assurance be applied to the calculation 
of the flow in the irregular natural streams. 

118. Steady motion in uniform channels. 

The experimental study of the distribution of velocities of 
water flowing in open channels reveals the fact that, as in the 
case of pipes, the particles of water at different points in a cross 
section of the stream may have very different velocities, and the 
direction of flow is not always actually in the direction of the flow 
of the stream. 

The particles of water have a sinuous motion, and at any point 
it is probable that the condition of flow is continually clinging. 
In a channel of uniform section and slope, and in which the tol^ 
flow remains constant for an appreciable time, since the same 
quantity of water passes each section, the mean velocity v in the 
direction of the stream is constant, and is the same for all the 
sections, and is simply equal to the discharge divided by the area 
of the cross section. This mean velocity is purely an artificial 
quantity, and does not represent, either in direction or magnitude, 
the velocity of the particles of water as they pass the seotaoiu 
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Experiments with enrrent meters, to detemoine the distribution 
of velocity in channels, show, however, that at any point in the 
cross section, the component of velocity in a direction parallel to 
the direction of flow remains practically constant. The considera- 
tion of the motion is consequently simplified by assuming that 
the water moves in parallel fillets or stream lines, the velocities in 
which are different, but the velocity in each stream line remains 
constant. This is the assumptioil that is made in investigating 
se-called rational formulae for the velocity of flow in channels, 
but it should not be overlooked that the actual motion may be 
much more complicated. 

119. Formula for the flow when the motion is uniform 
in a channel of uniform section and slope. 

On this assumption, the conditions of fiow at similarly situated 
points C and D in any two cross sections A A and BB, Figs. 112 
and 113, of a channel of uniform slope and section are exactly the 
same ; the velocities are equal, and since C and D are at the same 
distance below the free surface the pressures are also equal. For 
the filament CD, therefore, 

220 . Vo® ^ 
w 2g w 2g * 

and therefore, siiice the same is true for any other filament. 



is constant for the two sections. 



Let V bo the mean velocity of tho stream, i the fall per foot 
length of tho surface of the water, or the slope, dl the length 
between AA and BB, w the cross sectional area BFGII of the 
stream, P the wetted perimeter, i,e, the length EF + FG+GII, 
and w the weight of a cubic foot of water. 

Let ^ - m bo called the hydnculic mean depth* 

Let dz be the fall of the surface between AA and BB. Since 
the slope is small ds « { . dl. 


i2~a 
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I£ Q cubic feet pet second fall from AA to BB, the work done 
npon it by gravily will be : 

wQJz = w . « . e . » . r)Z. 

Then, since 

is constant for the jiwo sections, the work done by gravity must 
be equal to the work done by the frictional and other resistances 
opposing the motion of the water. 

As remarked above, all the filaments have not the same velocity, 
so that there is relative motion between consecutive filaments, 
and since water is not a perfect fluid some portion of the work 
done by gravity is utilised in overcoming the friction due to this 
relative motion. Energy is also lost, due to the cross currents or 
eddy motions, which are neglected in assuming stream line flow, 
and some resistance is also ofCerod to the flow by the air on the 
surface of the wator. 

The principal cause of loss is, however, the frictional resistance 
of the sides of the channel, and it is assumed that the whole of 
work done by gravity is utilised in overcoming this resistance. 

Let F . o be the work done per unit area of the sides of the 
channel, v being the mean velocity of flow. F is often called the 
frictional resistance per unit area, but this assumes that the relative 
velocity of the water and the sides of the channel is equal to the 
mean velocity, which is not correct. 

The area of the surface of the channel between AA and BB 
is P . 9Z. 

Then, U7wi;f3Z=FvP3i, 

« . F 

therefore P^“ia* 

. F 

or = - . 

w 

F is found by experiment to be a function of the velocity and 
also of the hydraulic mean depth, and may be written 

F = 6/(u)/(m). 

b being a numerical coefficient. 

Since for water w is constant — may be replaced by k and 

w 

therefore, mi=h ./(®) / (m). 

The form of f(v) fim) must be determined by experiment. 
120. Formula of Chezy. 

The first attempts to determine the flow of water in channels 
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with ijraoision were probably those of Ohezy made on an earthen 
canal, at Ooupalet in 1775, from which he concluded that 
f(v) *5 e* and/(i>i) = 1, 

and therefore mi = (1), 

Writing 0 for ^ 

V - 

which is known as the Ghezy formula, and has already been given 
in the chapter on pipes. 

121. Formulae of Prony and Eytelwein. 

Prony adopted the same formula for channels and for pipes, and 
assumed that F was a function of v and also of v\ and therefore, 

mi = av + bv\ 

By an examination of the experiments of Chezy and those of 
Du Buat* made in 1782 on wooden channels, 20 inches wide and 
less than 1 foot deep, and others on the Jard canal and the river 
Hayne, Prony gav^e to a and b the values 

a « *000044, 

6 = -000094. 


This formula may be written 



Tho coefBcient 0 of the Chozy formula is then, according to Prony, 
a function of tho velocity v. 

If the first term containing v bo neglected, the formula is the 
same as that of Chezy, or 

V = 103 

Eytelwein by a re-examination of the same experiments 
together with others on the flow in the rivers Rhine t and WesorJ, 
gave values to a and b of 

a = '000024, 

& = *0001114. 

Neglecting the term containing a, 

i; = 95n/w2. 

» Prineipn d^hydraulique. See also pages 231»233. 

t Experiments by Funk, 1808-6. 

;( Experiments by Brauings, 1790-92. 
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Am in the case of pipes, Prony and Eytelwein inooirrecily 
assamed that the oonstants a and b were independent of the 
nature of the bed of the channel. 

122. Formula of Darcy and Bazin. 

After completing his classical experiments on flow in pipes 
M. Darcy commenced a series of experiments upon open channels 
—afterwards completed by M. Bazin — ^to determine, how the 
frictional resistances varied with the material with which the 
channels were lined and also with the form of the channel. 

Experimental channels of semicircular and rectangular section 
were constructed at Dijon, and lined with different materials. 
Experiments were also made upon the flow in small earthen 
channels (branches of the Burgoyne canal), earthen channels lined 
with stones, and similar channels the beds of which were covered 
with mud and aquatic herbs. The results of these experiments, 
published in 1858 in the monumental work, Becherches Hydravr 
Uquea, very clearly demonstrated the inaccuracy of the assump- 
tions of the old writers, that the frictional resistances were 
independent of the nature of the wetted surface. 

From the results of tliese experiments M. Bazin proposed for 
the coeflScient &, section 120, the form used by Darcy for pipes, 



a and P being coefficients both of which depend upon the nature 
of the lining of the channel. 



The coefficient 0 in the Chezy formula is thus made to vary 
with the hydraulic mean depth m, as well as with the roughness 
of the surface. 

It is convenient to write the coefficient h as 



Taking the unit as 1 foot, Bazin’s values for a and ^9, and 
values of h are shown in Table XVIII. 

It will be seen that the influence of the second term increases 
very considerably with the roughness of the surface. 

123. Oanguillet and Kutter, from an examination of Bazin’s 



IXOW IN OHEN OHANKXI^ 


183 


experimentB, togetiher 'vith some of fheir own, fotmd that the 
coefficient G in the Chezy formula could he written in the form 

in whicli a is a constant for all channels^ and & is a coefficient of 
rouglmesB. 

TABLE- XVni. 

Sliowing the yalues of a, P, and k in Bazin’s formula for 
channels. 



Planed boards and smooth 
cement 

Hough boards, bricks and 
concrete 

Ashlar masonry 


Gravel (Gangaillet 
Kutter) 



0001219 


(-?) 


The results of experiments by Humphreys and Abbott upon 
the flow in tho Mississippi* were, however, found to give results 
inconsistent with this formula and also that of Bazin. 

They then proposed to mahe the coefficient depend upon the 
slope of tho channel as well as upon the hydraulic mean depth. 

Prom experiments which they conducted in Switzerland, upon 
the flow in rough channels of considerable slope, aikd from an 
examination of the experiments of Humphreys and Abbott on the 
flow in the Mississippi, in which the slope is very small, and 
a large number of experiments on channels of intermediate slopes, 
they gave to the coefficient C, the unit being 1 foot, the value 

0-00281 . 1-811 

41 o + 5 + 

% n 


1+41-6 + 


•00281\ n ’ 


in which n is a coefficient of roughness of the channel and has the 
values given in Tables XIX and XIX A. 


* Beport on the Hydraulics of the Mississippi River, 1861 ; Flow of waUr in 
rivers and eamls, Trimtwine and Hermg, 1893. 
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TABLE XDL 

Stowing values of n in tte formula of Ganguillet and Kutter. 

Gliannel n 

Very smooth, cempnt and planed boards ... *009 to *01 

Smooth, boards, brioks, concrete *012 to *018 

Smooth, covered with slime or tubercolated -015 

Rough ashlar or rabble masonry *017 to *019 

Very firm gravel or pitched with stones *02 

Eaiw, in ordinary condition free from stones and woods ... *025 

Eartb, not free fcom stones and weeds *030 

Gravel in bad condition *035 to *040 

Torrential streams with rough stony bods *05 


TABLE XIX A. 


Stowing values of n in tte formula of Ganguillet and Kutter, 
determined from recent experiments. 


n 


Bectan^ar wooden flume, very smooth ••• *0098 

Wood pipe 6 ft. diamoter *0132 

Brick, washed with cement, basket shaped sewer, 6'x6'8''. nearly 

new ••• •«. .*• ••• ••• ... ••• *0130 

Brick, washed with cement, basket shaped sower, 6'xC'8^ one 

year old * *0148 

Brick, washed with cement, basket shaped sewer, 0'x6'8", four 

years old *0152 

Brick, washed with cement, circular sewer, 9 ft. diameter, nearly 

new ••• ••• •*« ••• ... *0118 

Brick, washed with cement, circular sower, 9 ft. diameter, four 

years old ••• ••• ••• ••• ... ... *0133 

Old Groton aqueduct, lined with brick ••a ••• •016 

New Croton aqueduct* ••• ••• ••• ••• •012 

Sudbury aque< iuot ••• ••• ••• ... ••• •*01 

Glasgow aqueduct, lined with cement *0124 

Steel pipe, wetted, clean, 1897 (mean) ••• ••• •• ••• *0144 

Steel pipe, 1899 (mean) ... «*• ••• ••• *0156 


This formula has found favour with English, American and 
German engineers, but French writers favour the simpler formula 
of Bazin. 

It is also of importance to notice that later experiments upon 
the Mississippi by a special commission, and others on the flow of 
the Irrawaddi and various European rivers, are inconsistent with 

* Report New York Aqueduct OonmUiUm^ 
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the eaxljr experiments of Hnmphroys and Abbott, to which 
Gangoillet and Kntter attached very considerable importance in 
framing their formula, and the later experiments ^w, as described 
later, that the experimental dotormination of the flow in, and the 
slope of, large natural streams is besot with such great difficulties, 
that any formula deduced for channels of uniform section and 
slope cannot with confidence be applied to natural streams, and 
vice versa. 

The application of this formula to the calculation of uniform 
channels gives, however, excellent results, and providing the value 
of n is known, it can be used with confidence. 

It is, howovor, very cumbersome, and doos not appear to give 
results more accurate than a new and simpler formula suggested 
recently by Bazin and which is given in the next section. 


124. M. Bazin’s later formula for the flow In channels. 


M. Bazin has recently (Annedes des Pants et Chanssees, 1897, 
Tol. IV. p. 20), made a careful examination of practically all the 
available experiments upon channels, and has proposed for the 
coefficient 0 in the Chezy formula a form originally proposed by 
Ganguillet and Kutter, which he writes 


0 = 


1 



* 


1 


or 


0 = 


a 


1 + 


^•Jm 


in which « is constant for all chaunols and p ia a coefficient of 
roughness of the channeL 

Taking 1 metre as the unit a = ’0115, and writing y for — , 


0 = - 


87 




.( 1 ), 


or when the unit is one foot. 


0 = 


157-5 


.( 2 ), 


the value of y in (2) being 1'81 ly, in formula (1). 

The values of y as found by Bazin for various kinds of channels 
are shown in Table XX, and in Table XXI are shown values of 
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0, to nearesii whole ntunber, aa dednoed from Bazin’e 
ooeflSoients for values of m from *2 to 50. 

For the channels in the first fonr columns only a very few 
experimental values for C have boon obtained for values of m 
greater than 8, and none for m greater than 7*3. For the earth 
channels, experimental values for C aro wanting for small values 
of m, so that the values as given in the table when m is greater 
tTian 7‘8 for the first fonr columns, and those for the first three 
columns for m less than 1, are obtained on the assumption, that 
Bazin’s formula is true for all values of m within the limits of the 
table. ^ 

TABLE XX. 


Values of y in the formula. 


0 


157.6 



unit metre unit foot 


Very smooth surfacoa of oeiTicnt and planod boards ... 

Smooth surfaces of boards, bricks, concrete 

Ashlar or nibble masonry 

Earthen channels, very regular or pitched i\ith stones, 

tunnels and canals in rock 

Earthen channels in ordinary condition 

Ear thorn channels presenting an excc^ptional resistance, 
tlio wotted surface being covered witli detritus, 
stones or weed, or very irregular rocky surface 


•06 

•1086 

•16 

••29 

•46 

■83 

•86 

1-64 

1-30 

2-33 

1-75 

8-17 


125. Glazed earthenware pipes. 

Vellut* from experiments on the flow in earthenware pipes has 
given to 0 tho value 


C- 


41*7 + - 

n 


1 + 


75 


im’ 


in which 


or 


Jm 

ji = -0072, 
181 


C = 


him 


This gives values of 0, not Tory dilTeront from those given by 
Bazin’s formula when y is 0*29. 

In Table XXl^ column 2, glazed earthenware pipes have been 
included with the linings given by Bazin. 


* Proe, L C, Yol. cli. p. 482. 
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TABLE TCTT. 

YaluoB of 0 in libe formula v <= G>/^ calculated from Bazin’s 
formula, the unit of length being 1 foot, 

« 157-5 


— - Smooth 

UyarailllC very stnootli bon ids, brick, 
mean ooment and concrete, 
planed glared 

boardB oarthonware 
m. pipes 



Earth canals 
in very good 
Loudltlon, 
and canals 
pitched with 
stonod 

Earth canals 
In ordinary 
condition 

Earth canals 
caccptlonally 
rough 

y«l*54 

>1=2*36 

y»8*17 

85 

25 

19 

41 

80 

23 

46 

82 

26 

50 

87 

29 

68 

89 

81 

58 

48 

85 1 

62 

47 

88 

67 

51 1 

42 

70 

54 I 

44 

73 

67 

46 

76 

59 

49 

80 

64 

58 

84 

67 

66 

89 

72 

61 

94 

77 

65 

98 

80 

69 

102 

86 

74 

106 

90 

79 

109 

94 

82 

118 

98 

87 

117 

108 

92 

123 

110 

100 

129 

119 

108 


126. Bazin’s method of determining a and /ff. 

The method used by Bazin to determine the values of « and fi 
is of suilicient interest and importance to be considered in detail. 

1 \/ ^ 

* He first calcalated values of and from experimental 

, vm V 

data, and plotted tlicse values as shown in Fig. 114, aa 

•s/m 


abscissae, and — as ordinates. 

V 
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Ab will be seen on reference to the figure, points have been 
plotted for four classes of channels, and the points lie olose to four 
straight Hnes passing through a common point P on the axis 
of 





The equation to each of those lines is 
y = a + ^x, 
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V s/m^ 

a being the intercept on the axis of or the ordinate when -f- is 

zero, and fi, which is variable, is the inclination of any one of 

these lines to the axis of x ; for when -7= is zero, = a, and 

vm V 

transposing the equation, 

which is clearly the tangent of the angle of inclination of the line 
to the axis of 0. 

sf Ytiif X 

It should be noted, that since — ^ = q , the ordinates give 

actual experimental values of g , or by inverting the scale, values 

of 0, ^wo scales for ordinates arc thus shown. 

In addition to the points shown on the diagram, Fig. 114, 
Bazin plotted the results of some hundreds of experiments for all 
kinds of channels, and found that the points lay about a series of 
lines, all passing through the point P, Pig. 114, for which a is ‘00635, 

and the values of - , i.e, 7, are as shown in Table XX. 

Bazin therefore concluded, that for all channels 

— -•00635 + -^, 

V vm 

the value of depending upon the roughness of the channel. 

For very smooth channels in cement and planed boards, B<izin 
plotted a large number of points, not shown in Fig. 114, and the 
line for which 7 =‘109 passes very nearly through the centre of 
the zone occuined by those points. 

The line for which 7 is 0'29 coincides well with the mean of 
the plotted points for smooth chaniiols, but for some of the points 
7 may bo as high as 0*4. 

It is further of interest to notice, that where the surfaces and 
sections of the channels are as nearly as possible of tho same 
character, as for instance in tho Boston and New York aqueducts, 
the values of the coefficient 0 diff3r by about 6 per cent., the 
.difference being probably due to the pointing of the sides and 
arch of the New York aqueduct not being so carefully executed 
as for the Boston aqueduct. By simply washing the walls of the 
latter with cement, Fteley found that its discharge was increased 
20 per cent. 
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y is alao greater for rectangular-ahaped channels^ or those 
which approximate to the rectangular form, than for those of 
circtilar form, as is seen by qomparing the two channels in wood 
W and P, and also the circular and basket-shaped sewera 

M, Bazin also found that y was slightly greater for a very 
smooth rectangular channel lined with cement than for one of 
semicircular section. 

In the figure the author has also plotted the results of some 
recent experiments, which show clearly the effect of slime and 
tuberculations, in increasing the resistance of very smooth channels. 
The value of y for the basket-shaped sewer lined with brick, 
washed with cement, rising from ‘4 to ‘642 during 4 years’ service. 

127. Variations in the coefBicient C. 

For channels lined with rubble, or similar materials, some of 
the experimental points give values of 0 differing very considerably 
from those given by ]points on the line for which y is 0*83, Pig. 114, 
but the values of G deduced from experiments on particular 
channels show similar discrepancies among themselves. 

On reference to Bazin’s original paper it will be seen that, for 
channels in earth, there is a still greater variation between the 
experimental values of 0, and those given by the formula, but the 
experimental results in these cases, for any given channel, are 
even more inconsistent amongst themselves. 

An apparently more serious difficulty arises with respect to 
Bazin’s formula in that 0 cannot be greater than 157*6. The 
maximum value of the hydraulic moan depth m recorded in 
any series of experiments is 74*3, obtained by Humphreys and 
Abbott from measurements of the Mississippi at Carrollton in 1851. 
Taking y as 2*35 the maximum value for 0 would then be 124. 
Humphreys and Abbott deduced from their experiments values 
of 0 as large as 254, If, therefore, the experiments are reliable 
the formula of Bazin evidently gives inaccurate results for excep- 
tional values of m. 

The values of 0 obtained at Carrollton are, however, incon- 
sistent with those obtained by the same workers at Vicksburg, 
and they are not confirmed by later experiments carried out at 
Carrollton by the Mississippi commission. Further the velocities 
at Carrollton were obtained by double floats, and, according to 
(rordon*, the apparent velocities determined by such floats should 
be at least increased, when the depth of the water is large, by ten 
per cent. 

Bazin has applied this correction to the velocities obtained by 
* Gordon, Froceediftg$ Inst Civil Eng,, 1893. 
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Humplireys and Abbott at Vicksburg and also to those obtained 
by the Mississippi Oommiscdoii at Carrollton, and showEfi that the 
mftyiTniiTn value foT C is then, probably, only 122. 

That the values of 0 as deduced from the early experiments on 
the Mississippi are unreliable, is more than probable, since the 
smallest slope, as measured, was only *0000034, which is less than 
X inch per mile. It is almost impossible to believe that such small 
difFerences of level could bo measured with certainty, as the 
smallest ripple would mean a very large percentage error, and 
it is further probable that the local variations in level would be 
greater than this measured difference for a mile length. Further, 
assuming the slope is correct, it seems probable thut the velocity 
under such a fall would be loss than some critical velocity similar 
to that obtained in pipes, and that the velocity instead of being 
proportional to the square root of the slope is proportional 
to i. That either the measured slope was unreliable, or that the 
velocity was less than the critical velocity, seems certain from the 
fact, that experiments at other parts of the Mississippi, upon the 
Irrawaddi by Gordon, and upon the large rivers of Europe, in no 
case give values of 0 greater than 124. 

The experimental evidence for these natural streams tends, 
however, clearly to show, that the formulae, which can with 
conMence be applied to the calculation of flow in channels of 
definite form, cannot with assurance be used to determine the 
discharge of rivers. The reason for this is not far to sock, as 
the conditions obtaining in a river bed are generally very far 
removed from those assumed, in obtaining the formula. The 
assumption that the motion is uniform over a length sufficiently 
great to bo able to measure witli precision the fall of the surface^ 
must be far from the truth in tho case of rivers, as the irregu- 
larities in the cross section must cause a corresponding variation 
in the mean velocities in those sections. 

In the derivation of the formula, frictional resistances only 
are taken into account, whereas a considerable amount of the 
work done on the falling water by gravity is probably dissipated 
by eddy motions, set up as the stream encounters obstructions in 
the bed of the river. These eddy motions must depend very 
much on local circumstances and will bo much more serious in 
irregular channels and those strewn with weeds, stones or other 
. obstructions, than in the regular channels. Another and probably 
more serious difficulty is the assumption that the slope is uniform 
throughout the whole length over which it is measured, whereas 
the slope between two cross sections may vary consideTably 
between bank and bank. It is also doubtful whether locally 
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tliere is always eqtfilibrinm between the resisting and accelerating 
forces. In those cases, therefore, in which the bods are rocky or 
covered with weeds, or in which the stream has a very irregular 
shape, the hypotheses of uniform motion, slope, and section^ will 
not even be approximately realised. 


128. Logarithmic formula for the flow in channels. 

In the formulae discussed, it has been assumed that the frictional 
resistance of the channel varies as the square of the velocity, and 
in order to make the formulae flt the experiments, the coeflicient G 
has been made to vary with the velocity. 

As early as 1816, Du Buat* pointed out, that the dope * 
mcreasod at a less rate than the square of the velocity, and 
half a century later St Yenant proposed the formula 

OTi = *0004011;**. 

To determine the discharge of brick-lined sowers, Mr Santo 
Crimp has suggested the formula 


and experiments show that for sewers that have been in use some 
time it gives good results. The formula may be written 


. 0 ’ 00006 t;» 

t = — r-TJi— 


An examination of the results of experiments, by logarithmic 
plotting, shows that in any uniform channel the slope 

• ^ 

m*” 

Ic being a numerical coefficient which depends upon the roughness 
of the surface of the channel, and n and p vary with the 
nature of the surface. 

Therefore, in the formula. 


From what follows it will be seen that n varies between 1'75 
and 2*1, while p varies between 1 and 1*5. 

Since m is constant, the formula wi’ittcn 

b being equal to ^ . 

Therefore log i = log b + n log u. 


* Pniictpe$ d*HydrauXiqtte, Vol. x. p. 29, 1810» 
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In Vig, 115 ora shown plotted the logarithms of i and v 
obtained from an wciieriinent Bazin on the flow in a semi- 
oireolair oement-lined pipe. The points lie about a straight line, 
the tangent of the inclination of which to the axis of « is 1‘96 
and the intercept on the axis of i through ««1, or logv^O, is 
'OOOOSOa 



Fig. 116. Logaritihmio plottings of i and v to determine tho index n in 
the formula for ohannele, 

For this experimental channel, therefore, 
i=-00008085i;‘-*. 

In the oatnA figure are shown the plottings of log i and log o for 
the siphon-ag.noduct* of St Elvo lined^with brick and for which 
m is 2*78 feet. In this case n is 2 and h' is *000283. Therefore 

t-*000288B». 

If, therefore, yalnes of v and i are determined far a channel, 
while m is kept constant, « oan he found. 

AnmUei de$ Fenu et C/iaiMsdei , Vol. rr, 1807. 
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To determine the ratio - • The formuhu 


may be written in the form, 


m 


P9 


m 


=(!)-■ 


OP 


1 

log m = log ^ log V. 


By determining experimentally m and v, while the elope i is 
kept constant, and plotting log m as ordinates and log v as 
abscissae, the plottings lie about a straight line, the tangent of the 

inclination of which to the axis of v is equal to and the 

intercept on the axis of m is equal to 



In Fig, 116 are shown the logarithmic plottings of m and v for 
a number of channels, of varying degrees of roughness. 

The ratio - varies considerably, and for very regular channels 


inoreaseB with the roughness of tho channel, being about 1‘40 for 
very smooth channels, lined with pure cement, planed wood or 
cement mixed with very fine sand, r54 for channels in unplaned 
wood, and 1*635 for channels lined with hard brick, smooth 
concrete, or brick washed with cement. For chrmnels of greater 


roughness, - is very variable and appears to become nearly equal 
P 

to or even less than its value for smooth channels. Only in one 


case does the ratio - become equal to 2, and the values of m and 
P 

V for that case are of very doubtful accuracy. 

As shown above, from experiments in which m is kept constant, 

n can be determined, and since by keeping i constant ^ can be 

Mr 

foundj « and p con be deduced from two sets of experiments. 

Unfortunately, there are wanting experiments in which m is 
kept constant, so that, except for a very few cases, » cannot 
directly be determined. 

There is, however, a considerable amount of experimental data 
for channels similarly lined, and of different slopes, but here 
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Fig. 116. Logarithmio plottings of m and v to determino the 
ratio 2 in the formula 

p 


TABLE XXII. 

Particulars of cliamiels, plottings for which are shown in Fig. 116. 

n 

P 

1. Semioiroular channel, yery smooth, lined with wood ... ... 1*45 

2. „ „ „ „ „ „ cement mixed with 

very hne sand 1*36 

8. Bectangnlar channel, very smooth, lined with cement 1*44 

4. „ „ ,, ,, „ „ wood, r 7" wide ... 1*38 

5. „ „ smooth „ „ ,, slope *00208 ... 1*54 

6. „ ,, ,1 „ „ ,, „ *0043 ... 1*54 

7. ,, „ ,, t, f, ,, ,» *0049 ... 1*64 

8. ,, ,« ,t », ,, „ *00824 ... 1*54 

9. Now Croton aqueduct, smooth, lined with bricks (Kcport New York 

Water Supply) 1 *74 

10 Glasgow aqueduct, smooth, lined with concrete fProc. I. C, E. 1^96) 1*635 

11. Sudbury „ ,, ,, ,, brick well pointed (2V. Am. 

8.C.E. 1883) 1-635 

12. Boston sew Cl, ouoular, smooth, lined with brick washed with cement 

{Xt. Am.S. C. E. 1901) 1*636 

13. Bectangular channel, smooth, lined with brick 1*685 

14. „ ,, ,, „ wood 1*655 

15. ,, ,, „ „ ,, small pebbles 1*49 

15a. llcciangular sluice channel lined with hammered ashlar 1*36 

156. ,, ,, y, ,, „ ,, ,, ... ... 1*86 

16. ,, channel lined with largo pebbles 1-29 

17. Turlonia tunnel, rock, partly lined 1*49 

18. Ordinary channel lined with stones covered with mud and weeds ... 1*18 

19- ^ ** »• >• ** »» »» ••• 

20. liiverWeser 1*615 

21. ,, ,, ... ... ••• ... ••• ••• .«. 1*65 

22. ,, ,, ... ... ... ... ... ... ... ... 2*1 

28. Earth channel. Gros bois ... 1*49 

24. Oavour canal 1*5 

25* Biver Seine •e« eee ••• eve ••• 1*87 


13—2 



m 
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again, aa frill appeao* in tiie context, a difficulty is enoonnterad, aa 
evnn tritli aimfluly lined oliaimela, the rooghness is no two 
oases exactly the same, and as shown by the plottings in Fig. lid, 
no tiro ohannels of any class give exactly the same valaes 

for but iae certain classes the ratio is fairly constant 
P 

Taking, for example, the irooden channels of the group (Koa. 5 

to 8), the values of - are all nearly equal to 1‘54. 

P 

The plottings for these channels are again shown in Fig. 117. 
The intercepts on the axis of m vary from 0’043 to 0*14. 



Slg. 117. Iiogarithmie plottings to detsrmins tbs ntio - ibr smooth 

P 

Let the intercepts on the axis of m be denoted by y, then , 
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and 


logy =r log & - ^ log*. 
P P 


li h and p are oonetant for thew channels, and log* and 
log y are {dotted aa absoiBsae and ordinates, the plottings should lie 
ahont a straight line, the tamgent of the inclination of which to the 

azia of « is - , and when logy >*0, or y is uniiy, the abscissa • 

P ' 

*.«. the intercept on the axis of * is k. 

In Fig. 118 are shown the plottings of log « and log y for these 
channels, from which p»l*14 approximately, and h = '00023. 

Therefore, n is approximately 1*76, and taking - as 1'54 

, •00023e‘« ** 

^ “ 1‘1A • 



Fig. 118 . Logaritiunio plottings to determine the valiie of p for smooth 

Itv^ 

bhannelsi in the formula 


Since the ratio - is not exactly 1*54 for all these channels, the 
P 

valnes of » and p cannot be exactly correct for the four nTni.T»nJ«f^ 
bnt, as will be seen on reference to Table i n, in which are 
shown valnes of e as observed and as oalcnlated by the formula, 
the calcnlated and observed values of v agree very nearly. 
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TABLE XXI3L 


Values of v, for rectangular channels lined with wood, as 
determined experimentally, and as calculated from the formula 


-00023 


^•78 

m* 


Slope -00208 

Slope *0049 

Slopo -00824 


V ob- 

V calcu- 


V ob- 

V calcii- 


V ob- 

0 calcn- 

m in 

seived 

luted 

m in 

served 

lated 

m in 

served 

lated 

metros 

metres 

metros 

mctre<4 

metros 

metros 

metrch 

metres 



per see. 

per sec. 


per sec. 

per SCO. 


per sec. 

per sec. 

0^381 


0-072 

0*1042 

1-325 

1-314 

•0882 

1-594 

1-689 

•1609 

1076 

1-07 

•1224 

1-479 

1-469 

•1041 


1-764 

•1832 

M62 

1-166 

•1382 

1-612 

1-58 

•1197 

1902 

1-932 

•1976 

1-259 

1-223 

•1635 

1-711 

1-090 

•1313 

2-063 

2-051 

•2140 

1-824 

1-290 

•1668 

1-818 

1-782 

•1420 


2-168 

•2318 

1-874 

1-364 

•1789 

1-898 

1-858 

•1643 

2*268 

2-275 

•2441 

1-440 

1-402 

•1913 

1-967 

1-947 

•1640 

2 357 

2-377 

•2678 

1-487 

1-452 

•2018 

mm 

2 014 

•1744 

2-447 

2-460 

•2681 

1-D52 

1-49 

•2129 

2-102 

2-089 

-1842 

2-618 

2-553 

•2809 

1-087 

1-552 

2215 

2-179 

2-143 

•1919 

1 


1 2-618 

1 


As a farther example, which also shows how n and p increase 
with the roughness of the channel, consider two channels built in 
hammered ashlar, for wliich the logarithmic plottings of m and v 

are shown in Fig. 116, Nos. 15 a and 15 6, and ^ is 1*36. 

Tlie slopes of those channels are *101 and *037, By plotting 
logi and logy, p is found to bo 1*43 and h *000149. So that for 
these two channels 

. -00 0149t?^” 

* ^ 

The calculated and observed velocities are shown in Table XXXI 
and agree remarkably well. 

Very smooth channels. The ratio ~ for the four very smooth 

V 

channels, shown in Fig. 116, varies between 1*86 and 1*45, the 
average value being about 1*4. On plotting logy and logi the 
points did not appear to lie about any particular line, so that p 
could not be determined, and indicates that h is difFerent for the 
four channels. Trial values of n = 1*75 and p = 1*25 were taken, or 

*“ ’ 

and values of h calculated for each channel. 
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Velocities as dotermined experimentally and as calculated for 
three of the channels are shown in Table XXIV from which it will 
be seen that 1e varies from *00006516 for the channel lined with 
pure cement, to *0001072 for the rectangular shaped section lined 
with carefully planed boards. 

It will be seen, that although the range of velocities is con- 
siderable, there is a remarkable agreement between the calculated 
and observed values of i7, so th&t for very smooth channels the 
values of n and p taken, can be usod with considerable confidenoe. 

Channels moderately smooth. The plottings of log m and log v 
for channels lined with brick, concrete, and brick washed with 
cement are shown in Fig. 116, Nos. 9 to 13. 

It will be seen that the value of - is not so constant as for the 

P 

two classes previously considered, but the mean value is about 
1*635, which is exactly the value of ^ for the Sudbury aqueduct. 

For the New Croton aqueduct ^ is as high as 1*74, and, as shown 

in Fig. 114, this aqueduct is a little rougher than the Sudbury. 

The variable values of - show that for any two of these 

P 

channels either n, or p, or both, are different. On plotting logi 
and logt; as was done in Fig. 115, the points, as in the last case, 
could not be said to lie about any particular straight line, and the 
value of p is therefore uncertain. It was assumed to be 1*15, and 

therefore, taking ^ as 1*635, n is 1*88. 

Since no two channels have the same value for—, it is to be 

P 

expected that the coefficient fc will not be constant* 

In the Tables XXV to XXIX the values of u as obsei ved and 
as calculated from the formula 

. 

and also the value of h are given. 

It will be seen that h varies very considerably, but, for the 
three largo aqueducts which wore built with care, it is fairly 
constant. 

The effect of the sides of the channel becoming dirty with 
time, is very well seen in the case of the circular and basket- 
shaped sewers. In the one case the value of Je, during four years’ 
service, varied from *00006124 to *00007998 and in the other from 
*00008^ to *0001096. It is further of interest to note, that when 
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m and. « are botli unify and Ic is equal to *000067, the tAlne of • is 
the same as giren b;- Bazin’s formnla, when y is '29, and when h is 
*0001096, as in the case of the dirfy basketHs^ped sewer, the ralae 
of y is ‘642, which agrees with that shown for tins sewer on 
Fig. 114. 

Channela in masonry. Samniered ashlar emdrtibhle. Attention 
has already been called, page 198, to the results given in 
Table for the two channela lined with hammered ashlar. 

The values of n and p for these two channels were determined 
directly from the logarithmic plottings, but the data is insufficient 
to give deiinite values, in general, to n, p, and k. 

In addition to these two channels, the results for one of 
Bazin’s channels lined with small pebbles, and for other channels 
lined with rubble masonry and large pebbles are given. The 

ratio ^ is quoted at the head of the tables where possible. In the 

other cases n and p were detorminod by trial. 

The value of «, for these rough channels, approximates to 2, 
and appears to have a mean value of about 1‘96, while p varies 
from 1*36 to 1*5. 

Earthen channels. A very large number of experiments have 
been made on the flow in canals and rivers, but as it is generally 

impracticable to keep either t or m constant, the ratio - can only 

P 

be determined in a very few cases, and in these, as will be seen 
from the plottings in Fig. 116, the results are not satisfactory, and 

appear to be unreliable, as - varies between *94 and 2*18. It seems 

probable that p is between 1 and 1*5 and » from 1*96 to 2*15. 
Logarithmic formulae for various dosses of ehmmds. 

Very smooth channels, lined with cement, or planed boards, 

i = (*000065 to *00011) ^ . 

Smooth channels, lined with brick well pointed, or concrete, 
i=. *000065 to *00011^. 


Channels lined with ashlar masonry, or small pebbles, 

♦ -*00015^,. 

Channels lined with rubble masonry, larg^e pebbles, rock, and 
exceptionally smooth earth ohannds free from deposits, 

.' = *00028 
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duumelB, 


fay" 


h yaries from *00033 to ‘00050 for cHaimels in ordinary condition 
and from *00050 to *00085 for oHaunels of exceptional resistance. 


129. Approxlxnate fonntiib for the flow in earth 
channels. 

The author has by trial found n and p for a number of 
channels, and except for very rough oliannels, n is not very 
different from 2, and p is nearly 1*5. The approximate formula 



may, therefore, be taken for earth channels, in which C is about 
50 for channels in ordinary condition. 

In Table XXX m are shown values of « as observed and 
osculated from this formula. 

The hydraulic moan depth varies from *958 to 17‘7 and for all 
values between these external limits, the calculated velocities 
agree with the observed, within 10 per cent., whereas the variation 
of C in the ordinary Ghezy formula is from 40 to 103, and 
according to Bazin’s formula, C would vary from about 00 to 115. 
With this formula velocities can be readily calculated with the 
ordinary slide role. 


TABLE XXIV. 
Very smooth channels. 
Planed wood, rectangular, 1*575 feet wide. 


i 

-•0001072^., 

W 


log ifc>= 4*0300. 


m feet 

V it per sec. v ft per seo. 
obeerved ealoulated 

*2872 

8*66 

8-67 

•2811 

4*00 

4*03 

•8044 

4*20 

4-26 

•8468 

4-67 

4*68 

•8717 

4-94 

4*94 

•8980 

611 

6*12 

•4124 

6*26 

6*80 

•4811 

5*49 

6*47 
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TABXili XXrV (fionUnued). 
Pure oexuent, semioiroular. 

* - » 

• 00006516 ^, 


log h = 5*8141. 


m 

V observed 

V oalonlated 

-608 

8-72 

8-66 

•682 

4*50 

4-55 

•760 

4*87 

4-87 

•916 

6-67 

6-62 

1*034 

6-14 

6-14 


Oemeut and very fine sand, semioircular. 

* = •0000759^, 


log h = 5*8802. 


fit feot 

V ft per sec. 
observed 

V ft. per see. 
oalcolated 

•879 

2*87 

2*74 

•629 

8*44 

8-49 

•636 

8-87 

8-98 

•706 

4*80 

4-30 

•787 

4-51 

4-59 

•839 

4*80 

4-84 

•900 

4-94 

5-10 

•941 

5*20 

5-26 

•983 

5-88 

5-48 

1-006 

5-48 

5-63 

1*02 

5-65 

5-68 

1*04 

5-66 

5*66 


TABLE XXV. 

Boston circular sewer, 9 ft. diameter. 

Brick, wasked with cement, i = goW (Horton). 

1*88 

i = *00006124^., 

log V = *6118 log m + *5319 log i + 2*2401. 


m feet 

V ft. per see. 
observed 

V ft. per BOO. 
oaloulated 

•928 

2-21 

2-34 

1-208 

2-70 

2-76 

1-408 

8-08 

8-03 

1-880 

8-48 

8-56 

1-999 

8-78 

8-76 

2-809 

4-18 

4-10 
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TABLB XXY (eontmued^, 

Tbe same sewer after 4 years’ service. 

i= *00007998 

m'**’ 

log V = *6118 log m + *5319 log t + 2*1795. 


m 

V observed 

V oaleiila 

1-120 

2*88 

2*29 

1-606 

2**^2 

2-78 

1*952 

8-16 

8-22 

2*180 

8-80 

8*89 


TABLE XXVI. 

Hew Croton aqueduct. Lined with brick. 

» = *000073^, 

log « = *61 1 8 log m + *5819 log i + 2*200. 


171 feet 

V ft. per sec. 
observed 

V ft. per SCO. 
calculated 

1*000 

1*87 

1*37 

1*260 

1*69 

1*67 

1-499 

1*79 

1-76 

1-748 

1*95 

1-98 

2-001 

2*11 

2*10 

2-260 

2*27 

2*26 

2*600 

2*41 

2-40 

2-749 

2-62 

2-55 

2*998 

2*65 

2-68 

8-261 

2-78 

2*82 

8*608 

2*89 

2-96 

8-760 

8-00 

8*08 

8*888 

8-02 

8*12 


TABLE XXVn. 

Sudbury aqueduct. Lined with well pointed brick 


i = *00006427^ 


log V = ‘6118 log m + *5319 log i + 2‘23. 

V ft. per sec. v ft. per sec. 

m feet 

observed 

calculated 

•4987 

1-135 

1*142 

•6004 

1-269 

1-279 

•8005 

1*615 

1*625 

1*000 

1-765 

1-762 

1*200 

1-948 

1-954 

1*400 

2*149 

2*147 

1*601 

2*382 

2-881 

1-801 

2*618 

2-611 

2-001 

2-651 

2*672 

2*201 

2*844 

2-682 

2*836 

2-929 

2il87 
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TABIiB XXVHL 

BiOOilMllglilar channel lined with brick CBazin). 

♦ -• 000107 ^. 


m feet 

V ft. per see. 
observed 

V ft. per see. 
calculated 

•1922 

2-75 

2-90 

•2888 

8-87 

8-68 

•8654 

4-16 

4-80 

•4285 

4-72 

4-71 

•4812 

5-10 

5-09 

•540 

5-84 

5-46 

•5828 

5-68 

5-77 

•6197 

6-01 

5-94 

•6682 

6-15 

6-22 

•6968 

6-47 

6-89 

•7888 

6-60 

6-62 

-7788 

6-72 

6-68 


GKkusgow aqueduct. Lined with concrete. 

t = *0000696^,, 

log V — *6118 log m + *5319 log * + 2*2113. 


m feet 

V ft. per 860 . 
obBerved 

V ft. per aeo. 
caloulaied 

1-227 

1-87 

1-89 

1*478 

2-07 

2-11 

1-478 

2-106 

2-11 

1*489 

2-214 

2-18 

1-499 

2-18 

2-14 

1-499 

2-15 

2-14 

1-548 

2-18 

2-22 

1-597 

2-21 

2-28 

1-607 

2-28 

2-28 

1-610 

2-22 

2-24 

1-620 

2-24 

2-24 

1.-627 

2-25 

2-27 

1-788 

2-26 

2-88 

1-811 

2-47 

2-40 


TABUS XXIX. 

CSiorlestown basket-shaped sewer 6' x 6' 8". 

Brick, washed with cement, * = T o\ n> (Horton). 

»= *00008405^’’.". or c = 147»*«““m*®” 
log V «» *6118 log m + *5319 log{ + 2*1678. 


m feet 

V ft. per sec. 
observed 

V ft. per SCO. 
calculated 

•688 

1-99 

2*05 

•958 

2-46 

2-52 

1-187 

2-82 

2-87 

1-589 

8-44 

8-86 
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TABLB XXIX (eonimued), 

Mbme sewer after 4 years’ service, 

•-•0001096^, 

log V = ‘6118 logm + *5819 log»4- 2*1065. 


m feet 

V fi per eeo. 
obeeryed 

V ft per eeo. 
oalonlated 

1-842 

V66 

2-68 

1-508 

2-86 

2-88 

1-645 

8*04 

8-04 


TABLE XXX. 

Left aqnednot of the Solani canal, rectangular in section, lined 
with rabble masonry (Cunningham), 

•« *00026^. 

Mi** 


1 

m feet 

V ft. per see, 
obserred 

0 ft. per leo. 
oaloulated 

-000226 

6-48 

8-46 

8-60 

*000206 

6-81 

8-40 

-8*47 

*000222 

7-21 

8*70 

8*84 

•000207 

7-648 

8*87 

8*88 

*000189? 

7*94 

4*06 

8*88 

Right aqueduoti 

i 

*-•0002213^,. 

m V obsenped 

V oaloalated 

-000195 

8-42 

2*48 

2-26 

-000225 

6-66 

8*61 

8-58 

•000205 

6-76 

8-78 

8*76 

•000193 

7*48 

8*87 

8*69 

•000193 

7-77 

8*93 

4*04 

•000190 

7*96 

4*06 

4*06 
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TABLE XXXI 


Beotangnlar channel lined with hammered a^lar, 


5 = 1 - 36 . 


*=‘000149 
log 1;= 4*1740. 


m 


i-a> 


<a*101 <b>037 


mfeet 

V ft. per MO. 
observed 

V li per MO. 
oaloolated 

mfMt 

V ft. per see. 
obMrved 

0 ft. per' seo 
oalonlated 

*824 

12-80 

12-80 

-424 

9-04 

9-02 

*467 

16-18 

16-18 

-620 

11-46 

11-86 

*580 

18-68 

18-97 

•746 

18-66 

13-62 

*662 

21-09 

20-8 

-862 

16-08 

14-98 


Bectangular channel lined with small pebbles, *=‘0049, (»=1'96, 
p = r32 will give equally good results). 


1 = 1 * 49 , 

P 


•*=•000152 




m' 


i-at 


logi=4-1913. 


mfMt 

V ft. per HO. 
obMrved 

V ft. per seo. 
oalonlated 

•250 

2-16 

2-84 

•867 

2-96 

2-97 

•460 

8-40 

8-47 

•620 

8-84 

8-82 

•688 

4-14 

4-16 

•644 

4-48 

4-48 

•700 

4-64 

4-66 

•746 

4-88 

4-88 

•786 

6-12 

6-06 

•882 

6-26 

6-26 

•871 

6-48 

6-48 

•910 

5-67 

6-68 
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TABLE XXXn. 

Cbaimel lined with large pebbles (Bazin), 

*« •000229-^, 
m"’ 

log A; « 4*8605. 


« feet 

V ft. pet eec. 
obserYpd 

V ft. per 860 
oalonlated 

•291 

1-79 

1-84 

•417 

2-48 

2-44 

•510 

2-90 

2-90 

•687 

8-27 

818 

■666 

8-66 

8-45 

•712 

8-86 

8^67 

•772 

4-03 

8-91 

•828 

4-28 

4-88 

•867 

4-48 

4-58 

•909 

4-60 

4-69 

•946 

4-78 

4-84 

•987 

4-90 

5-00 


TABLE XXXm. 


Velocities as observed, and as calculated by the formula 
« - 0 0 = 60. 


Ganges Canal. 




V ft. per eec. 

V ft. per see. 

i 

m feet 

observed 

oHiculated 

•000165 

6-40 

2-4 

2-84 

•000229 

8-69 

8-71 

8-80 

•000174 

7*82 

2-96 

8-08 

000227 

9-84 

402 

400 

•000201 

4-60 

2-82 

2-68 


River 

Weser. 


i 

m 

V observed 

V caloolated 

•0005608 

8-98 

6-29 

6-0 

•0000608 

18-85 

7-90 

8*18 

•0002494 

14-1 

5-69 

6-70 

•0002404 

10-6 

4-76 

4-78 


Miesou/ri. 


i 

m 

V observed 

V oaloalated 

0001188 

10-7 

8-6 

8-28 

•0001782 

12‘8 

4-88 

4-87 

•0001714 

15*4 

6*08 

4-80 

•0002180 

17-7 

6*19 

6*26 
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Caemur Canal, 


i 

m 

0 obiemd 

V eaioaUM 

*00029 

7*82 

8*70 

8-80 

*00029 

5*15 

8*10 

2*92 

-00088 

5-68 

8*40 

8-14 

*00088 

4-74 

8*04 

2*91 


Emiih channel Qyraneh of Bwgoyne canal). 
Borne etonea and a few herbs upon the surface. 


0-48. 


i 

m feet 

V ft. per see. 
observed 

V ft. per see. 
oaloolated 

•000957 

•958 

1-248 

1-80 

•000929 

1-181 

1-702 

1-66 

•000998 

1-405 

1-797 

1*94 

•000986 

1-588 

1-958 

2 *06 * 

•000792 

•958 

1-288 

1*25 

*000808 

1-210 

1-666 

1*56 

•000858 

1-486 

1-814 

1*79 

•000842 

1*558 

1-998 

2*08 


130. Distribution of tbe velocity In the cross section 
of open channels. 

The mean velocity of flow in channels and pipes of small cross 
sectional area can be determined by actually measuring the weight 
or the volume of the water discharged, as shown in Chapter VII, 
and dividing the volume discharged per second by tho cross 
section of the pipe. For large channels this is impossible, and 
the mean velocity has to be determined by other means, usually 
by observing the velocity at a large number of points in the same 
transverse section by means of floats, current meters*, or Pitot 
tubest. n the bed of the stream is carefully sounded, the cross 
section can be plotted and divided into small areas, at the centres 
of which the velocities have been observed. If then, the observed 
velocity be assumed equal to the mean velocity over the small 
area, the discharge is found by adding the products of the areas 
and velocities. 

Or Q = So . V. 

M. Bazint, with a thoroughness tliat has charaoterised his 
experiments in other branches of hydraulics, has investigated the 
distribution of velocities in experimental channels and also in 
natural streams. 

In Figs. 119 and 120 respectively are ^own the cross sectiona 
of an open and closed rectangular ohannd with curves of equal 

* See page 28& f See page 841. 

$ Baain, BeehavkM Hf/dravlique. 
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Telocity drawn on the section. Oarves allowing the distribution 
of velocitieB at different depths on vertical and horizontal sections 
are also shown. 



It will be seen that the maximum velocity does not occur in 
the free surface of the water^ but on the central vertical section 
at some distance from the surface, and that the surface velocity 
may be very different from the mean velocity. As the maximum 
velocity does not occur at the surface, it would appear that in 

L. H. U 
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aHWimiTig the tvatted perimeter to be only the vetted eerfeoe of 
the bhaxineli some error is intarodaoed. ^^t tha air hu not the 
eame influence as if the water were in contact with n lurfeoe 
rimilftr to that of the sides of the channel, is very clearly 
shown by comparing the curves of equal vdooity fmr the dosedl 
rectangular channel as shown in Fig. 119 with those of Fig. 120. 
The air resistance, no doubt, accounts in some measure for the 
surface vdooity not being the maximum vdodly, but that it does 
not wholly account for it is shown by the &ct t^t, whether the 
wind is blowing up or down stream, the maximum velocity is still 
below the surface. M. Flamant* suggests as the principal reason 
why the maximum velocity does not occur at the surface, that 
the water is less constrained at the surface, and that irregular 
movements of all kinds are set up, and energy is therefore 
utilised in giving motions to the water not in the direction of 
translation. 

Depth on cmy vertical at which the velocity is eqnal to the mean 
velocity. Later is discussed, in detail, the distribution of velocity 
on the verticals of any cross section, and it will be seen, that if « 
is the mean velocity on any vertical section of the channel, the 
depth at which the velocity is equal to the mean velocity is about 
0*6 of the total depth. This depth varies with the roughness of 
the stream, and is deeper the greater the ratio of the depth to 
the width of the stream. It varies between *5 and *55 of the depth 
for rivers of small depth, having beds of flne sand, and from *55 
to *66 in large rivers from 1 to 3^ feet deep and having strong 
bedst. 

As the banks of the stream are approached, the point at which 
the mean velocity occurs falls nearer still to the bod of the stream, 
but if it falls very low there is generally a second point near the 
surface at which the velocity is also equal to the mean velocity. 

When the river is covered with ice the maximum velocity of 
the current is at a depth of *85 to *45 of the total depth, and the 
mflan velocity at two points at depths of *08 to *18 and *68 to *74 
of the total deptht. 

If, therefore, on various verticals of the cross section of a stream 
the vdocity is determined, by means of a current meter, or Pitot 
tube, at a depth of about *6 of the total depth from the surface, 
the velocity obtained may be taken as the rnean velocity upon the 
vertical. 

* Hydraulique, 

+ Le Qinte Civil, AprU, 1906, *• Analysis of a oommnnioation Yny Uvaqfiay to 
the Hydrologioal section of the Institnte of Gkology of the United State’* 

t Ounmngham, SxperimenU on the Qangee OantU, 
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The total discharge ean then be found, sp^xhnately, by 
dividing the cross section into a number of rectangles, such as 
ahod, 1%. 120a, and multiplying the area of the rectangle by the 
T;alooity measu^ on the median line at 0’6 of its depth. 
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Fig. 120 a* 

The flow of the Upper Nile has recently been determined in 
this way. 

Captain Cunningham has given several formulae, for the mean 
velocity u upon a vertical section, of which two are here quoted. 


u = i(V + 3i;^) .....(1), 

= + ( 2 ), 


V being the velocity at the surface, t?| the velocity at f of the depth, 

at one quarter of the depth, and so on. 

131* Form of the curve of velocities on a vertical 
section. 

M. Bazin* and Cunningham havo both taken the curve of 
velocities upon a vertical section as a parabola, the maximum 
velocity being at some distance hm below the froo surface of the 
water. 

Let V be the velocity measured at the centre of a current and 
as near the surface as possible. This point will really be at 1 inch 
or more below the surface, but it is supposed to be at the surface. 

Let V be the velocity on the same vertical section at any depth 

and H the depth of the stream. 

Bazin found that, if the stream is wide compared to its depth, 
the relationship between u, Y, h, and i the slope, is expressed by 
the formula. 



or (1), 

h being a numerioal coefEcient, which has a nearly constant value 
df 36*2 when the unit of length is one foot. 

RtehereJu* ByirauUgue, p. 828 ; Annalet Set PonU e( ChmutiMt tad ToL. 

1875. 
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2b determine the depth on any vertical at which the velocity ia 
equal to the 7nean velocity. Let u be the mean velocity on any 
vertical sectioni and h% the depth at which the velocity is equal to 
the mean velocity. 

The discharge through a vertical strip of width dl is 

uHdl ^dlf V, dh» 

Jo 

Therefore «n = (v - g* ^/^K )dh, 

and . « = V-g7iS (2). 

Substituting u and K in (1) and equating to (2), 



and hu =- *577H. 

This depth, at which the velocity is equal to the mean velocity, 
is determined on the assumption that k is constant, which is only 
true for sections very near to the centre of streams which are 
wide compared with their depth. 

It will be seen from the curves of Fig. 120 that the depth at 
which the maximum velocity occurs becomes greater as the sides 
of the channel are approached, and the law of variation of velocity 
also becomes more complicated. M. Bazin also found that the 
depth at the centre of the stream, at which tlio maximum velocity 
occurs, depends upon the ratio of the width to the depth, the 
reason apparently being that, in a stream which is wide compared 
to its depth, the flow at the centre is but slightly affected by the 
resistance of the sides, but if the depth is large compared with the 
width, the effect of the sides is felt even at the centre of the 
stream. The farther the vertical section considered is removed 
from the centre, the effect of the resistance of the sides is 
increased, and the distribution of velocity is influenced to a 
greater degree. This effect of the sides, Bazin expressed by 
making the coefficient k to vary with the depth hm at which 
the maximum velocity occurs. 

The coefficient is then. 



Farther, the equation to the parabola can be written in terms 
of the maximum velocity, instead of Y. 
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Thua, 




36-2 Jm(h-hJ* 


.(3). 


The mean velocity u, upon the vertical section^ is then, 


1 r® 


-Vtn- 


vdh 


Therefore 
v^u + 

When 

and therefore, 


c 


5-2 vm /I 


0 


.(4). 


86*2 n/ET^ /l^ ^ , 


h 


A 8C-2n/!Ii ,1 1 

iV'ZJTTa''- 




v = u, h = hu, 

1 ^ hn _ 2huhn 

3 


0-^)’ 


H- • 

The depth hm at which the velocity is a maximum is generally 
less than ‘2E[, except very near the sides, and hu is, therefore, not 
very different from *6H, as stated above. 

Ratio of rnaximim velocity to the mean velocity. From 
equation (4), 


36*2N/m71 

Is fl ^ \r) • 


In a wide stream in which the depth of a cross section is fairly 
constant the hydraulic mean depth m does not differ very much 
from H, and since the mean velocity of flow through the section is 
0 sFim and is approximately equal to w, therefore, 

1 + /'I _ 4. hi\ 

ii H-r 

Aaauming hm to vary Irom 0 to ■211 and C to bo 100, varies 

from 1*12 to 1'09. The ratio of maximum velocity to mean 
velocity is, therefore, probably not very different from 1*1. 


132. The slopes of ohannels and the velocities allowed 
in them. 

The discharge of a channel being the product of the area and 
the velocity, a given discharge can be obtained by wialrfng 
area small and the velocity great, or vice vered. And since the 
velocity is equal to QJmi, a given velocity can be obtained by 
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TaxTiBg eiiilier m or «. Since m iinll in general increaBe tritli tioie 
area, the area will be a minininm wben { is as large as possible. 
But, as the cost Of a channel, including land, excavation and 
ocmstruolaon, will, in nuuiy cases, be almost proportiontal to its 
cross sectional area, for the first cost to be small it is desirable 
that « should be large. It should be noted, however, that the 
discharge is generally increased in a greater proportion, by an 
increase in A, than for the same proportional increase in •. 

Assume, for instance, the channel to be semicircular. 

The area is proportmnal to d*, and the velocity v to Vd . 

Therefore QcccP«/d». 

If dis ke^ constant and i doubled, the discharge is increased 
to •/2Q, but if d is doubled, t being kept constant, the discharge 
will be increased to 5*6Q. The maximum slope that can be given 
will in many cases be determined by the difference in level of the 
two points connected by the channel. 

When water is to be conveyed long distances, it is often 
necessary to have several pumping stations en nmte, as sufiioient 
fall cannot be obtained to admit of the aqueduct or pipe line being 
laid in one continuous length. 

The mean velocity in large aqueducts is about 3 feet jier 
second, while the Bloi>es vary from 1 in 2000 to 1 in 10,000. The 
slope may be as high as 1 in 1000, but should not, only in excep- 
tional circumstances, be less than 1 in 10,000. 

In Table XXXIY are given the slopes and the maximum 
velocities in them, of a number of brick and masonry lined 
aqueducts and earthen channels, from which it will be seen that 
the maximum velocities are between 2 and Si feet per second, 
and the slopes vary from 1 in 2000 to 1 in 7700 for the brick and 
masonry lined aqueducts, and from 1 in 300 to 1 in 20,000 for the 
earth chaimels. The slopes of large natural streams are in some 
cases even less than 1 in 100,000. If the velocity is too small 
suspended matter is deposited and slimy growths adhere to the sideB. 

It is desirable that the smallest velocity in the chaimel shall be 
such, that the channel is '‘self-cleansing,” and as far as i>ossible 
the growth of low forms of plant life prevented. 

In sewers, or channels conveying unfiltered waters, it is 
especially desirable that the veloci^ shall not be too small, and 
should, if possible, not be less than 2 ft. per second. 

TABLE XXXIV. 

Showing the slopes of, and maximum velocities, as determined 
experimentally, in smne existing channels. 
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Smooth aqueducU. 



Slope 

Maximum velooity 

New Oroton aqueduct 
Sudbury aqueduct 

*0001826 

8 ft. per second 

*000189 

2-04 „ 

II 

Glasgow aqueduct 

Paris Dhuis 

Avre, Ist part 
„ 2nd part 
Mwcdiester Thirlmore 

*000182 

•000180 

*0004 

2*26 „ 

II 

*00088 

•000816 



Naples 

*00050 

4*08 „ 

N 

Boston Sewer 

•0006 

8-44 „ 

II 

If M 

*000888 

4-18 

•t 


Slope 

Ganges canal *000806 

Escher „ *003 

Linth „ *00087 

Cavonr „ *00088 

Simmen ,, *0070 

Ohazilly cut *00085 

MarseiUeB canal *00048 

CMoago drainage canal 
(of the bottom of the canal) *00005 8 


Earth chavmU. 

Maximum velocity 


4*16 ft. per second 

4*08 I) M 

6*68 t$ 

8*42 I) 11 

8*74 „ „ 

1*70 „ 

1-70 „ „ 


Ijining 

earth 

t ravel and 
some stones 
earth 


TABLE XXXV. 


Showing for varying values of the hydraulic mean depth m, the 
minimum slopes^ which brick channels and glazed earthenware 
pipes should have, that the velocity may not be less than 2 ft. 
per second. 


fit feet 


elope 


n feet 


elope 

•1 

1 

in 

93 

1*25 

1 

in 

8700 

*2 

1 

»» 

276 

1*5 

1 

ti 

4700 

•8 

1 

It 

610 

1*75 

1 

> 

6710 

*4 

1 

II 

776 

20 

1 

t» 

6076 

*6 

1 

II 

1068 

2*6 

1 

tt 

9000 

•6 

1 

II 

1880 

8*0 

1 

It 

11200 

*8 

1 

II 

2040 

4*0 

1 

II 

15860 

1*0 

1 


2700 






The slopes are calculated from the formula 


i; 


157-5 

•g NWAm 


1 + 


•Jm 


The Talne of 7 is taken as 0*5 to allow for the channel beoaming 
dirty. For tlie minimnm slope for any other velocity v, iniilla{>ly 

ihye number here given by . For example, the minimum dope 
for a velocity of S &et per second whmi m is 1, is 1 in 1227. 
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Vehdiy of flow in, and elope of earth channeCe. if the velocity 
is high in earth channels^ the sides and bed of the channel are 
eroded, while on the other hand if it is too small, the capacity of 
the channel will be rapidly diminished by the deposition of sand 
and other suspended matter, and the growth of aquatic plants. 
t)u Buat gives *5 foot per second as the mi n imum velocity that 
mud shall not be deposited, while Belgrand allows a Tp^Tiininm 
of *8 foot per second. 

TABLE XXXVL 

Showing the velocities above which, according to Du Buat, 
and as quoted by Bankine, erosion of channels of various materials 
takes place. 

Soft clay 
Fine sand 

Coarse sand and graTcl as large as peas 
Gravel 1 inch diameter 
Pebbles inches diameter 
Heavy i^ngle 

Soft rodk, brick, earthenware 
Bock, various kinds 

133. Sections of aqueducts and sewers. 

The forms of sections given to some aqueducts and sewers are 
shown in Figs. 121 to 131. In designing such aqueducts and 
sewers, consideration has to be given to problems other than the 
comparatively simple one of determining the size and slope to 
be g^ven to the channel to convoy a certain quantity of water. 
The nature of the strata through which the aqueduct is to be 
cut, and whether the excavation can best be accomplished by 
tunnelling, or by cut and cover, and also, whether the aqueduct 
is to be lined, or cut in solid rock, must be considered. In many 
cases it is desirable that the aqueduct or sewer should have such 
a form that a man can conveniently walk along it, although its 
sectional area is not required to be exceptionally large. In 
such cases the section of the channel is made deep and narrow. 
For sewers, the oval section, Figs. 126 and 127, is largely 
adopted because of the facilities it gives in this respect, and it has 
the further advantage that, as the flow diminishes, the cross 
section also diminishes, and the velocity remains nearly constant 
for all, except very small, discharges. This is finportant, as at 
small velocities sediment tends to collect at the bottom of the 
sewer. 

134. Siphons forming part of aqueducts. 

It is frequently necessary for some part of an aqueduct to be 
constructed as a siphon, as when a valley has to be crossed or the 
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aqueduct taken under a stream or otker obstruction, and the 
aqueduct mast, therefore, be made capable of resisting con- 
siderable pressure. As an example the New Croton aqueduct 
from Croton Lake to Jerome Park reservoir, which is 83*1 miles 



Fig. 124. Fig. 125. Fig. 126. 



Fig. 181. 


Fig. 130. 
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loQI', is made up of (nro parts. The first is a tnasonxy oondnit of 
the eeotiau shown in Fig. 121, 28'9 miles long and having a slope 
of *0001826, the second consists almost entirely of a brick lined 
siphon 6*83 miles long, 12' 3" diameter, the maximum hesid in 
which is 126 feet, and the difference in level of the two ends is 
6*10 feete In such cases^ however, the siphon is frequently made 
of steel, or cast-iron pipes, as in ihe case of the new Edinburgh 
aqueduct (see Fig. 181) which, where it crosses the vaUeys, is 
made of cast-iron pipes 83 inches diameter. 


136. The best form of ohanneL 

The best form of channel, or channel of least resistance, is 
that which, for a given slope and area, will give the mayimiiyin 
discharge. 

Since thejnean velocity in a channel of given slope is propor- 
tional to tsj p , and the discharge is A . v, the best form of cbannel 

for a given area, is that for which P is a minimum. 

The form of the channel which has the TniTn'miiTn wetted peri- 
meter for a given area is a semicircle, for which, if r is the ra^us, 

the hydraulic mean depth is 

More convenient forms, for channels to be excavated in rock 
or earth, are those of the rectangular or trapezoidal section, 
Fig. 133. For a given discharge, the best forms for these 
channels, will be those for which both A and P are a minimum ; 
that is, when the differentials dA and DP are rei^>eotively equal to 
zero. 

Bectangvlar diaimel. Let L be the width and h the depth. 
Fig. 182, of a rectangular channel; it is required to finil the ratio 

^ that the area A and the wetted perimeter P may both be a 


minhinim, for a g^ven discharge. 

A = L/i, 

therefore 0A = h.0L+L9h=O .(1), 

P-L+2h, 

therefore 3P = 3L + 2Dh=0 (2). 


Substituting thu value of 0L from (2) in (1), 

L=2h. 

Therefore ***^*§* 

Since L => 2h, the sides and bottom of the channel touch a circle 
having h as radius and the centre of which is in the free surface 
of the water. 
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Martit dhawMth of bn^pasoidal form. Li Fig. 188 let 
I be the bottom width, 
h the depth, 

‘ A the oroBS sectional area FBGD, 

P the length of FBGD or the wetted perimeter, 

« the slope, 

and let the slopes of the sides be i horizontal to one vertical; GQ 
is then equal to th and tan GDG- = t. 




Let Q be the discharge in cubic feet per second, 

Tlien L-hl+th^ (3), 

P=Z + 2A-s/?+l (4), 



For the channel to be of the best form dP and dA both equal 
zero. 

From (8) A ®= W + th?, 

and therefore dA — hdl+ldh + 2thdh=0.„., (6). 

Prom (4) P = i + 2fe\'F+I 

and dP =dZ+2VP + l dh — 0 (7). 

Substitating the value of dl from (7) in (6) 

l^2h^/¥Tl-2th ( 8 ). 

h 

*2* 

Let 0 be the centre of the water surface FD,thensuioe£rcan(8() 
g + «A = h*y?+T, 
therefore, in Fig. 183 CD = EG * OD, 
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Draw OF and OH perpendicalar to CD and BO respeotirely. 

G^en, because the angle OFD is a right angle, the angles GDG 
and FOD are equal; and sinoe OF = ODcosFOD, and DG-OE, 
and DG » CD cos CDG, therefore, OE-OF; and since OEO and 
OFO are right angles, a circle with O as centre will touch the sides 
of the channel, as in &e case of the rectangular channel. 

136. Depth of flow In a channel of given form that, 
(a) the velocity may be a maacimum, (b) the discharge may 
be a maximum. 

Taking the general formula 


and transposing. 

For a given slope and roughness of the channel v is, therefore, 
proportional to the hydraulic mean depth and will be a maximum 
when m is a maximum. 

That is, when the differential of p is zero, or 

PdA-AdP = 0 (1). 

For maximum discharge, Av is a maximum, and therefore, 

A . is a maximum. 

Differentiating and equating to zero, 

2±2pa5A-£A(iP=0 (2). 

n 71 

AflBxing values to n and p this differential equation can be 
solved for special oases. It will generally be sufficiently accurate 
to assume n is 2 and p = 1, as in the Chezy formula, then 

n + p _ 3 
n “2’ 

and the equation becomes 

3PdA-AdP=0 (3). y 

137. Depth of flow in a oironlar channel of given 
radius and slope, when the velocity is a rnn.viTinniifi - 

Let r be the radius of the channel, and 2^ the angle subtended 
by the surface of the water at the centre of the chaimel, Fig. 184. 


._ k.v* 
* mF 

1 £ 

^ 
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Then tiie wetted perimeter 

P=2r^, 

aind dP = 2rd^, 

Thearea = 

and (ZA“f*d^-r*coB2<^d<^. 

Substituting these values of dP and dA in equation (1), 

section 186, * 

tan 2^ = 2^. 

The solution in this case is obtained 
directly as follows, 

A r /, 8in2^ \ 

“■P~2V” 2^ /* 

This will be a maximum when sin 2^ 
is negative, and 

sin 2^ 

2<A 

is a maximiuu, or when ^*8* 

d /sin 2^^ _ 

d<l>\ 24> ) ’ 

2<^ cos 2^ -sin 2^=0, 
and tan 2^ = 2*^. 

The solution to this equation, for which 2^ is loss than 360 , is 
2^ = 257*27. 

Then A=2‘73V, , 

P«4’494r, 
m = ■608r, 

and the depth of flow d = l’626r. 

138. Depth of flow in a olroular channel for mazhnum 
discharge. 

Substituting for dP and dA in equation (3), section 186, 

6r*«M^ - 6r’<^ COB 2«M+ - 2r*«#>d«A + »* sin 2«M^ = 0, 
from which 4^ — 6^ cos 2^ + sin 2^ =0, 

and thwefore ^ = 154*. 

Then A=3-08r®, 

P = 5-88r, 

TO = •678r, 

and the depth of flow d = l’899r. 

ftimilar solutions can be obtained for other forms of channels, 
and may be by the student as useful mathematical ezerdses 

but they are not of much practical utility. 
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L8S. OamB of TBlooity and dlMhargs Ibr » gtvaa 

'ISie depiih dE flow for xxiaximum velocityi or discluurgei oaa Be 
flfltennizied vory readily by drawing ciittbs of rdooify and dis- 
oibarge for different depths of flow in the channel. method 
is Tiseliil and instruotiYe, especially to those students who are not 
familiar with the differential oalciilas. 

As an example, velocities and discharges, for different depths 
ot flow, have been osculated for a large aqnednot, the profile of 
which is diown m Fig. 135, and the dope i of which is 0*0001823. 
The velocities and discharges are shown by the carves drawn in 
the figure. 



Values of A and P for different depths of flow were first deter- 
mined and m calculated from them. 

The velodties were calculated by the formula 

t> = C ^/m», 

using values of G from column 3, Table XXI. 

It will be seen that the velocity does not vary very much for 
all depths of flow greater than 3 feet, and that neither the velocity 
nor the discharge is a naaximum when the aqueduct is full; the 
reas(m being that, as in the circular channel, as the surface of the 
water approaches the top of the aqueduct the wetted perimeter 
increases much more rapidly than the area. 

The maximum velocity is obtained when m is a maximum 
and equal to 8*87, but the maximam discharge is given, when the 
depth of flow is greater than that which gives the greatest 
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ydodty, A dri^ is diown on tba figure wUcli gires the Berne 
mayinimn discharge. 

The stadent should draw aimilar CEunres for the egg-shaped 
sewer or other form of channel. 

liO. Apjdicatloiui of tba fomiiilA. 

ProbUm 1. To find the flow in a channel of giren section and dope. 

This is the simplest problem and can be solved by the application of either the 
logarithmic formula or by Bazin's formula. 

The only diflicultiy that presents itself, is to affix values to n, and p in the 
logarithmic formula or to y in Bazin's formula. 


Q) By the togaHthmio formula. 
Fin ... 


First asdgn some value to k, n, and p by oompaxing the lining of the channel 
with those given in Tables XXIV to XXXIIT, Let ta be the cross sectional area of 
the water. 


Then since 


i: 


k . V* 


and 

or 


1 o 1 

logo-- log i+^logm- - log &, 
n It II 

Q-u.v, 

logQslogw + -logl+^logm — logk. 

It n n 

' 2 ) By the Chczy formulat ueing BazinU coefficient, 

he co!^cient for a given value of m must be first oaloolated from the formula 

157 6 

— '• 


1 + 


or taken from Table XXI. 
Then 

and 




167*6 

— 

l+— 

tjm 

Qr= Af . V, 




Example, Determine the flow in a circular culvert 9 ft. diameter^ lined with 
smooth brick, the slope bemg 1 in 2000, and the channel half full. 

— — s 7 = 2 * 25 '. 

Wetted perimeter i 

(1) By the logarithmic formula 

1= -000078 ^-53. 

Theiefore, log »= '00007| 

tfa:4*55 ft. per seo., 
ir.4-6* 


2 


>81-8 sq. ft*i 


Q:sl45 eubio feet per sec. 

(2) By the Cheey formula^ uHng Bazin^e eo^ffleUnt^ 

^ 187*5 

’ .W "* 


0=182 s/2'2B , ^^=4-43 ft. per see. 
Q=81-8x 4*48=141 cubic ft. per sec. 
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iVio^Zm 2. To find the dimneter ot a eirenlar channel of given elopef for which 
the maximum discharge is Q oubio feet per second. 

^ ^e^draalic mean depth m for maximum discharge is *578r (section 188} and 

Then the velooity is vss 

and Q=r2-33Crt^, 


therefore 


and the diameter 



The coefficient G is unknown, but by assuming a value for it, an approximation 
to D can be obtained ; a new value for 0 can then be taken and a nearer approxi- 
mation to D deteijnincd ; a third value for 0 will give a still nearer approximation 
to D. 

Example, A circular aqueduct lined with concrete has a diameter of 5' 9'' and 
a slope of 1 foot per mile. 

To find the diameter of two cast-iron siphon pipes 5 miles long, to be parallel 
with each other and in series with the aqueduct, and which shall have the same 
discharge; the difference of level between the two ends of the siphon being 12*5 feet. 

The value of m for the aqueduct of circular section when the discharge is 
a maximum is *573rsl Ci feet. 

The aiea A=3*08r*s25 sq. feet 

Taking 0 as 180 from Table XXI for the brick culvert and 110 for the cast-iron 
pipe from Table XII, then 

2x110^ 4" 6>t6280' 4 • ISO^y/ 


Therefore 


.B 4x25x130x2 /F64 

^ “ 220. w V 2*5 ’ 


d=4*00 feet 

Problem 3. Having given the bottom width I, the slope i, and the side slopes t 
of a trapezoidal earth channel, to calculate the discharge for a given depth. 

First calculate m from equation (5), section 135. 

From Table XXI determine the corresponding value of 0, or calculate 0 from 
Bazin’s formula. 



then 
and 

A convenient formula to remember is the approximate formula for ordinary 
earth 

v„50<yuTi 


=S0^/i 


miJm, 


For values of m greater than 2, v as calculated from this formula is vei^ nearly 
equal to v obtained by using Bazin's formula. 


The formula 
may alio be used. 


•00037 
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M9QmpU» An ordinal^ wth ohannd has a width laslOfeet, a depth dasAfeet, 
and a slope (dopes 1 to 1. To find Q. 

Aaefifi S^. It>y 
P=21-812 ft., 
m = 2*628 ft.. 


C« 


X57-6 



64*^ 


/. Vs 1*91 ft. per see., 

Q =107 oubio ft. per see. 

From the formula 

essfiO ^/mi 
t;=l*8d ft. per seo.^ 

Q = 105*8 oubic ft. per sec. 

From the logarithmic formula 

‘OOOSTv*! 

0—1*9 ft. per 860 ., 

Q ~ 106 4 cubic feet per see. 

Problem 4. Having given the fiow in a canal, the slope, and the side slopes, to 
find the dimensionB of the profile and the mean velocity of flow, 

(a) When the canal is of the best form. 

(5) When the depth is gi7en. 

In the first case and from equations (8) and (4) respeoUvely, section 185 

^=2/^^/?n-2^A. 

p=z+2/* 


Therefore 

A 

Substituting ~ for m 




and 


But 


Therefore 



2 Ji«{2 >/»■*+ 1-t)* 

and 

«_ 2Q® 

0».i(2V»*+l-*)* 


(1). 


A value for 0 should be chosen, say C=70, and h calculated, from which a mean 
value for m = g can be obtained. 

A nearer approximation to h can then be determined by choosing a new value of 0, 
finom Table XIQ corresponding to this approximate value of m, and recalculating 
h from equation (1). 

JEscatnpie, An earthen channel to be kept in very good conditioD, having a slope 
of 1 in 10,000, and side slopes 2 to 1, is requir^ to discharge 100 cubic feet 
per second; tu find the dimensions the channel; take C-^70. 


L. U. 


15 



m 


ATUBAUUOS 




and 


90,0 00 

"ISOS' 


10,000 

90,000 


(6'1) 


•49x61 
s6700. 
As 5*8 fe«t. 


Therefoie ms2*9. 

From Table XXI, Cs84 for this value of m, therefore a nearer oi^rosimation 
to A ie now found from 

90,000 _ 20,000 

^^5?"7T7"-67x61’ 

10,000 ® ^ 

from which A =5*47 ft. and m=2‘74. 

The approximation is now suffioienUj near for all practical purposes and may 
be taken as 5} feet 


Problem 5. HaTing gi^en the depth d of a traprsoldal channel, the slope it and 
the side slopes t to find the bottom width i for a giyen discharge. 

First nsing the Ohezy formula. 


and 


A=dp + td), P=l+2d^/(?+T), 

_ d(Utd) 

*"“i+2d 


The mean velocity 


Vss 


Q 

A* 


Theieloio —^^^0 

aiT+fd) y l+2dV(‘’+l) 

In this equation the coefficient 0 is unknown, since it depends upon the ralne 
of m which is unknown, and even if a value for G be assumed the equation cannot 
very readily be solved. It is desirable, therefore, to solve by approximation. 

Assume any value for m, and find from column 4, Table aXI, the corresponding 
value for C, and use these values of m and G. 

Then, calculate v from the formula 

r=C 

Since 


and 


Therefoie 


dl + td‘ 


A=:<if+<d^. 

;-'=9 

V 


(1). 


From this equation a value of I can be obtained, which will probably not be the 
correct value. 

V/ith this value of I calculate a new value for m, from the formula 

d(f+td) 

’““Z+9d,7(?^lJ 

For tliis value of m obtain a new value of G from the table, recalculate u, and 
by substitution in formula (1) obtain a second value for U 

On now again calculating m by substituting for d in formula (2), it will generally 
be found that m differs but fittle from m previously calculated ; if so, the approxi- 
mation has proceeded sufficiently far, and d as determined by using this value of tn 
will agree with the correct value sufficiently nearly for all practical purposes. 

The problem can be solved in a similar way by the logarithmic formula 

. 

The indices n and p may be taken as 2*1, and 1*5 respectively, and h as *00087, 
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JBwmpie. The d^tb of im ovdinery eerth ohennel ie 4 feot^ the eido elopee 
I to the elope 1 io €000 and the dieoharge ie to he 7000 eubio feet per miniite, 
Find the bottom width of the channel. 

Aeenme a mine for m, aaj 9 feet 
From the logarithmic formula 

2*1 Iog0fislogf4*l*5]ogfi»-i*5682 (3), 

V s 1«122 feet per eeo. 


Then 

But 


7000 


1 * 122 . 
Assdl+td^f 
. , 104-16 

A Iss — 


104 eq. feet 


rs 22 feet 


Substituting this value for I in equation (2) 

4x22 + 16 


22 + 8 ^^ 

Beoaloulating v from formula (8) 

oal*556. 


==3*16. 


Then Ar;75 feet, 

« 2=14*75 feet 

and 971=2*88 feet. 

The first value of I is, therefore, too largo, and this second value is too smalL 
Thud values weie found to be o=l*455, 

A=80-2, 

1=1605, 
m= 2*935* 


This value of I is again too large. 

A fourth calculation gave v = 1*4759 

A=79*2, 

1=16*8, 

m=2*92. 

The approximation has been earned euffioiently far, and even further than is 
necessary, as for such channels the coefficient of roughness k cannot be trusted to 
an soouracy corresponding to the small diilcienco between the thud and fourth 
values of L 


Problem 6. Having given the bottom width 2, the slope % and the side slopes of 
a tiapezoidal channel, to find the depth d for a given discharge. 

This problem is solved exactly as 5 above, by first asBUining a value for and 
oalonlating an approximate value for v from the formula 

Then, by substitution m equation (1) of the last problem and solving lAie 
quadratic, 


ds 



-L 1- 


oy substituting this value for d in equation (2), a new value for m can be found, 
and hence, a second approximation to d, and so on. 

Using the loganthmw formula the procedure is exactly the same as for 
problem 5. 


Problem 7 Having a natural stream BC, Fig. lS5a, of given dope, it is required 
to determine the point C, at which a canal, of trapezoidal section, which Is to 
deliver a definite quantity of water to a given point A at a given level, shall he 
made to join the stream so that the cost of the canal is a minimum. 


* The adutioa here nven is practically the same as that given by M. Flamant 
In his exoelfeut iieatise Bydravh*nu^ 


15—2 
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Let 1 be tbe elope of the etream, i of the canal, h the height aboye aome datum 
of the eorfaee of the water at A, and of the 
water in the stream at B, at some distance L 
from 0 . 

Let L be also the length and A the 
sectional area of the canal, and let it be 
assumed that the section of the canal is of the 

most economical form, or 

The side slopes of the canal will be fixed 
according to tbe nature of the strata through which the canal is cut, and may be 
supposed to be known. 

Then the level of the water at C is 

h+Lfssh^+LL 

Therefore _ L»— 

Let 2 be the bottom width of the canal, and t the slope of the sides. Tbe Gross 
section is then dl+td\ and 

A dl+td^ 

^ l+2d^/t*+l 

Substituting 2m for d, 

2=4iiiAyt*+l-4tm, 

and therefore i»= 7 == 7 — =^- » 

4iii V t’® + 1 - + 4i» /yt*+ 1 

from which «*= — 7 =^ . 

8v^+T-4t 

The coefficient C in the formula vstO/Jmi may be assumed constant. 

Then t?2s=C%i, 

and 

Q 

For V substituting ^ > and for the above value, 

C^Af* 

and (2 - *)• 


h^:L--ri 

iB !C 



Fig. 135a. 


Therefore 


i* 


The cost of the canal will be approximately proportional to the product of the 
length L and the cross sectional area, or to the cubical content of the excavation. 
Let be the price per cubic yard including buying of land, excavation etc. Let £49 
be the total cost. 

Then £as=£k.L.A 

10« i 

dx 

This will be a minimum when ^=0. 

Difierentiating therefore, and equating to zero, 

and 

The most economical slope is therefore y of the slope of the natural stream. 

If instead of taking the channel of the best form tbe depth is fixed, the 
slope <»t*L 
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There have been two asBnmptions made in the calonlation, neither of whieh Is 
rigidly true, the tot being that the ooelBoient 0 is constant, and the seoond that 
the prioe of the canal is proportional to its cross sectional area. 

it will not always be possible to adopt the slope thus found, as the mean 
Tdooity most be maintained within the limits ^ven on page 216, and it is not 
advisable that the slope should be lecte than 1 in 10,000. 

EXAMPLES. 

(1) The area of flow in a sewer was fonnd to be 0*28 sq. feet; the 
wett^ perimotor 1*60 feet; the inclination 1 in 88*7. The mean velocity 
of flow was 6*12 feet per second. Find the Value of 0 in the formula 

(2) The drainage area of a certain district was 19*82 acres, the whole 
area being impermeable to rain water. The masimom intensity of tho 
rainfall was 0*860 ins. per hour and the mazimum rate of disclxarge regis- 
tered in the sewer was 96 ^/o of the total rainfalL 

Find the size of a circular glazed earthenware culvert having a slope of 

1 in 60 suitable for carrying the storm water. 

(8) Draw a curve of mean velocities and a curve of discharge for an 
egg-shaped brick sewer, using Bazin’s ooofidciont. Sewer, 6 feet high by 
4 feet greatest width ; slope 1 in 1200. 

(4) The sewer of tho previous question is required to join into a main 
out^ sewer. To dieapen the junction with the main outfall it is thought 
advisable to make the last 100 feet of the sower of a circular steel pipe 
8 feet diameter, the junction between tho oval sewer and the pipe being 
carefully shaped so that there is no im|)ediment to the flow. 

Find what fall the circular pipe should have so that its maximum 
discharge shall be equal to the maximum discharge of the sewer. Having 
found the slope, draw out a curve of velocity and discharge. 

(6) A canal in earth has a slope of 1 foot in 20,000, side slopes of 

2 horizontal to 1 vertical, a depth of 22 feet, and a bottom width of 
200 feet; And the volume of discharge. 

Bazin’s ooefiiciont >^2*85. 

(6) Give the diameter of a circular brick sewer to run half -full for a 
population of 80,000, the diurnal volume of sewage being 75 gallons per 
head, tho period of maximum flow 6 hours, and the available fall 1 in 1000. 

Inst. G. E. 1906. 

(7) A dionnel is to be cut with side slopes of to 1 ; depth of water, 
8 feet; slope, 9 inches per mile: discharge, 6,000 cubic feet per minute. 
Find by approximation dimensions of channeL 

(8) An area of irrigated land requires 2 cubic yards of water per hour 
per acre. Find dimensions of a channel 8 feet deep and witib a side slope 
of 1 to 1. Fall, 1^ feet per mile. Area to be irrigated, 6000 acres. (Solve 
by approximation.) ye 2*85. 

(9) A trapezoidhl chann^ in earth of the most economical form has a 
depth of 10 feet and side slopes of 1 to L Find the discharge when the 
slope is 18 inches per mile. y^2*B54 


£30 


. STDEAUUCaS 


(10) A rivet has the following sociioii:— width, 800 feet; detitii oi 
water, £0 feet; side elopes 1 to 1; fall, 1 foot por mile. Find the diedueege, 
using Barings coeflBlcient for earth channels. 

(11) A dhaunel is to be oonstmoted for a discharge of 2000 cubic feet 

per second; the fall is 1^ feet per mile; side slopes, 1 to 1 ; bottom width, 
10 tunes the depth. Find of channel. Use the approximate 

formula, 

(12) Find the dimensions of a trapezoidal earth channol, of the most 
economical form, to convey 800 cubic feet per second, with a fidl of 2 feet 
per mile, and side slopes, 1^ to 1. (Approximate formula.) 

(18) An irrigation channel, with side slopes of 1^ to 1, receives 800 
cubic feet per second. Design a suitable channel of 8 feet depth and 
determine its dimensions and slope. The mean velocity is not to exceed 
2^ feet per second. y»2'85. 

(14) A canal, excavated in rock, has vertical sides, a bottom width of 
160 feet, a depth of 22 feet, and the slope is 1 foot in 20,000 feet. Find the 
discharge. ysl*54. 

(16) A length of the canal referred to in question (14) is in earth. It 
has side slopes of 2 horizontal to 1 vertical; its width at the water liue 
is 290 feet and its depth 22 feet. 

Find the slope this portion of the canal should have, taking y as 2*86. 

(16) An aqueduct 95| miles long is made up of a culvert SOJ miles 
long and two steel pipes 8 feet diameter and 45 miles long laid side by side. 
The gradient of the culvert is 20 inches to the mile, and of the pipes 2 feet 
to the mile. Find the dimensions of a rectangular culvert lined with well 
pomted brick, so that the depth of flow shall be equal to the width of the 
culvert, when the pipes are giving their maximum disoLarge. 

Take for tlio culvert the formula 

. * 0000610^-88 

and for the pipes the formula 

^._-00060.o* 

(17) The Ganges canal at Taoli was found to have a riopo of 0'000140 
and its hydraulic mean depth m was 7*0 feet; the velocity as determined 
by vertical floats was 2*80 feet per second; iind the value of 0 and the 
value oi 7 in Bazin’s equation. 

(18) The following data were obtained from an aqueduct lined with 
briok carefully pointed: 


m 


V 

in metres 


in meties per sec. 

*229 

0*0001826 

*836 

•881 

ft 

•484 

*583 


•596 

•686 

,, 

•691 

*688 

t, 

•769 

•991 

,, 

•846 

1*148 

,, 

*918 

1*170 


•922 



Ftov m omr oHAHNuts 


231 


Plot i M ordinates, asabsoissao; find valneB of a and 0 m Bazin’s 
s/m ® 

formola, and thus deduce a ralue of y for this aqueduct. 

(10) An aqueduct 107^ miles long consists of 18| miles of siphon, and 
tibe remainder of a masonry culvert 6 feet 10^ inches diameter vrith a gra^ent 
of 1 in 8000. The siphons consist of two lines of cast-iron pipes 48 inches 
diameter having a slope of 1 in 500. Determine the discharge. 

(20) An aqueduct consists partly of the section dbiown in Fig. 181, 
page 217, and partly (i.e. when crossing valloys) of 88 inches diameter cast- 
iron pipe siphons. 

Determine the minimum slope of the siphons, so that the aqueduct 
may discharge 16,000,000 gallons per day, and the slope of the masonry 
aqueduct so that the water ehall not he more than 4 feet 6 inches deep in 
the aqueduct. 

(21) Calculate the quantity delivered by the water main in question (80), 
page 172, per day of 24 hours. 

This amount, representing the water supply of a city, is discharged into 
the sowers at the rate of one-half the total daily volume in 6 hours, and is 
then trebled by rainfall. Find the diameter of the circular brick outfall 
sewer which will carry off the combined flow when running half full, the 
available fall being 1 in 1600. Use Bazin’s coofilcient for brick channels. 

(22) Determine for a smooth cylindrical cast-iron pipe the ang^e 
subtended at the centre by the wetted perimeter, when the velocity of flow 
is a maximum. Dotormine tlio hydraulio mean depth of the pipe under 
these conditions. Loud. Un. 1905. 

(28) A 9-inch drain pipe is laid at a slope of 1 in 160, and the value of 
c is 107 Find a general expression for the angle subtended at 

the centre by the waterline, and the velocity of flow; and indicate how the 
general equations may be solved when the discharge is given. Lond. Un. 
1906. 

141. Short account of the historical development of the pipe and channel foiinutae. 
It Beema remarkable that, although the pracHoe of conducting wat i along pipes 
and channels for domestic and other parpones has been carried on for many 
centuries, no serious attempt to discover the laws regulating the flow seems 
to have been attempted until the eighteenth century. It seems difficult to realise 
how the gigantic schemes of water distribution of the ancient cities could have been 
executed without such knowledge, but certain it is, that whatever information they 
possessed, it was lost during tho middle ages. 

It is of peenhar interest to note the trouble taken by the Boman engineers in 
the construction of their aqueducts. In order to keep the slope constant tUqy 
tunnelled through hillB and carried their aqueducts on magnificent arches. The 
Olaudian aqueduct was 38 miles long and had a constant slope of five feet per mile. 
Apparently they were unaware ot the simple fact that it is not necessary for a pipe 
or aqueduct connecting two reservoirs to be laid perfectly straight, or else they 
wishM the water at all joarts of the aqueducts to be at atmospheric pressure. ^ 

Stephen Schwetzer in his interesting treatise on hydrostatics and hydraoUos 
published in 1729 quotes 6X|>erimontB by Marriott showing that, a pipe 1400 yards 
long. If inches diameter, only gave j of the discharge which a hole 1| inches dmmeter 
in the side of a tank would give under the some head, and also explains that 
motion of the liquid in the pipes is diminished by friction, but he is ontir^y 
ignorant of the laws regulating the flow of fluids through pipes. Even as lata 4 b 
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178G Du Boat* 'vrote^ are yet in abeolnte ignoranoa of the lava to which the 
moyemepa of water is aubjeoted.”* 

The earliest recorded experiments of any yalne on long pipes are those of 
Conplet, in which he measnred the flow tlirongh the pipes which supplied the 
famous fountains of yersailles in 1782. In 1771 Abb4 Bossut made experiments on 
flow in pipes and channels, these being followed by the experiments of Dn Boat, who 
erroneously argued that the loss of head due to motion in a pipe was independent 
of the internal surface of the pipe, and gave a complicated formula for the velocity 
of flow when the head and the length of the pipe were known. 

In 1775 M. Chezy from experiments upon the flow in an open canal, came to 
the oonolusion that the fluid friction was proportional to the velocity squared, and 
that the slope of the channel multiplied by the cross sectional area of the stream, 
was equal to the product of the length of the wotted surface measured on the cross 
section, the velocity squared, and some constant, or 

<A=Pao* (1), 

{ being the elope of the bed of the channel, A the cross sectional area of the stream, 
P the wetted perimeter, and a a coefficient. 

From this is deduced the well-known Chezy formula 



Prony t, applying to the flow of water in pipes the results of the classical experi- 
ments of Coulomb on fluid friction, from wliich Coulomb had deduced the law that 
fluid friction was proportional to av+hv\ arrived at the formula 

mi s= ou + pv^= ^ j + /3^ v\ 

This is similar to the Chezy formula, being equal to ^ • 

By an examination of the experiments of Couplet, Bossnt, and Du Boat, Prony 
gave values to a and p which when transformed into British units are, 

a = -00001733, * 

^=•00010614. 

For vdociiies, above 2 feet per second, Prony neglected the term oontaining the 
first power of the velooity and deduced the formula 

r=48'6i^/5TT. 

He continued the mistake of Du Buat and assumed that the friction was in- 
dependent of the condition of the internal surface of the pipe and gave the following 
explanation : *' When the fluid flows in a pipe or upon a wetted surface a film of 
fluid adheres to the surface, and this film may be regarded as enclosing the mass 
of fluid in motion That such a film encloses the moving water receives support 
from the experiments of Professor Hele Shaw§. The experiments were made npou 
sudi a smau scale that it is diffionlt to say how far the results obtained are indica- 
tive of the conditions of flow in large pipes, and if the film exists it does not seem 
to act in the way argued by Prony. 

The value of t in Prony's formula was equal to j , H including, not only the 

loss of head due to friction but, as measured by Couplet, Bossut and Du Buat, 
it also included the bead necessary to give velocity to the water and to overcome 
redstanoes at the entrance to the pipe. 

E^-telwein and also Aubisson, both made aHowanoes for these losses, by sub- 
cv^ 

traoting from H a quantity ^ , and then determined new values for a and 5 in the 
ig 

formula 

* ZiC Diteours prUiminaire de set Principea d'hydraultque. 
t See also Girard’s Movement des fluids dans let tubes capillaireSt 1817* 

X Train dltydrauligue* S Engineer^ Aug. 1897 and May 1898. 
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They gave to a and b the following valoee. 

Ey tel wein a ss *000023584, 

5= *000085434. 

Anbisson* a = •000018837, 

5= -000104392. 

By neglecting the term containing v to the first power, and transforming the 
terms, Aubisson’s formula reduces to 

*“*®V r+SS-Bd’ 

Young, in the Encyclopaedia Britannica, gave a complicated formula for v when 
H and d were known, but gave the simplified formula, for velocities such as 

are generally met with in practicG, 

/ Hd 

•’“^“vrirwa- 


6t Venant made a decided departure by making j proportional to v V instead of 


to 0 ^ as in the Ghezy formula. 

When expressed in English feet as units, his formula becomes 


0=206 (mt)A. 

Weisbacb by an examination of the early experiments together with ten others by 

(tirl 

himself and one by M. Guoynard gave to the coelficiont a in the formula 
the value 



that is, he made it to vary with the velocity. 

Then, mi = • 

the values of a and p being a =0*0144, 

/3=0*01716. 

From this formula tables were drawn np by Weisbacb, and in England by 
Hawkesley, which were considerably used for calculations relating to flow of 
water in pipes. 

Darcy, as explained in Gliapter V. mado the oocilicieDt a to vary with the 
diameter, and Hagen proposed to make it vaiy with both the velocity and the 
diameter. 

His formula then became mi = ^ w*. 

The formulae of GanguiUet and Kutter and of Bazin have been given in 
Chapters V and VJ. 

Dr Lamps from experiments on the Dantzig mains and other pipes proposed 
the formula 

, av^'^ 


thus modifying St Yenant’s formula and anticipating the foimulae of Xleynolds, 
Flamant and Unwin, in which. 




n oud p being variable ooefilcients. 


* TraiU d'hydmuliqui^ 
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/GAUGING THE FLOW OP WATER 

142. Measuring the flow of water by weighing. 

In the laboratory or workshop a flow of water can generally 
be measured by collecting the water in tanks, and either by 
direct weighing, or by measuring the volume from the known 
capacity of the tank, the discharge in a given time can be 
determined. This is the most accurate method of measuring 
water and should be adopted whore possible in experimentid 
work. 

In pump trials or in measuring the supply of water to boilme, 
determining the quantity by direct weighing has the distinct 
advantage that the results arc not materially affected by 
changes of temperature. It is generally necessary to have two 
tanks, one of which is Ailing while the other is being weighed 
and emptied. For &cility in weighing the tanks should stand 
on the tables of weighing machines. 

143. Meters. 

Linert meter. An ingenious direct weighing meter suitable for 
gauging practically any kind of liquid, is constructed as shown in 
Figs. 186 and 137. 

It consists of two tanks A^ and A*, each of which can swing 
on knife edges BB. The liquid is allowed to fall into a shoot F, 
which swivels about the centre J, and from which it falls into 
either A* or A* according to the position of the shoot. The tanks 
have weights D at one end, which ore so adjusted that when a 
certain weight of water has run into a tank, it swings over into 
the dotted position, Fig. 136, and flow commences through a 
siphon pipe G. When the level of the liquid in the tank has 
fallen sufficiently, the weights D cause the tank to come back to 
its original position, but the mphon contmues in action until the 
tank is empty. As the tank turns into the dotted positioa 
* See Appendix, pai^ 661 end 660. 
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it suddenly tilts over the dioot F, and the liquid is discharged 
into the other tank. An indicator H registera the number of 
times the are filled^ and as at each tippling a definite weight 
of fluid is emptied from the tank, the indicator can be marked 
off in pounds or in any other unit. 



Big. WO. Fig. 137. 

Tiin^rt direct weighing meter. 


144. Measuring the flow by means of an oriflce. 

The coefficiont of discharge of sharp-edged orifices can be 
obtained, with considerable precision, from the tables of Chapter IV, 
or the ooeflScient for any given orifice can be determined for 
various heads by direct measurement of the flow in a given time, 
as dosbribed above. Tlien, knowing the coefficient of discharge at 
various heads a curve of rate of dischai*ge for the orifice, as in 
Fig. 138, may be drawn, and the orifice can then be used to 
measure a continuous flow of water. 

The orifice should be made in the side or bottom of a tank. If 
in the side of the tank the lower edge should be at least one and 
a half to twice its depth above the bottom of the tank, and the 
sides of the orifice whether horizontal or vertical should be at 
least one and a half to twice the width from the sides of the tank. 
The tank should be provided with baffle plates, or some other 
arrangement, for destroying the velocity of the incoming water 
and ensuring quiet water in the neighbourhood of the orifice. The 
coefficient of discharge is otherwise indefinite. The head over the 
orifice should be observed at stated intervals. A head-time curve 
having head as ordinates and time as abscissae can then be plotted 
as in Fig. 139. 

From the head-discharge curve of Fig. 188 the rate of discharge 
can be found for any head h, and the curve of Fig. 139 plotted. 
The area of this curve between any two ordinates AB and OB, 
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whicH IB tibe mean ordinate between AB and CD multiplied by the 
time tf gives the discharge from the orifice in time t 

The head h can be measured by fixing a Bcale, having its zero 
coinciding with the centre of the orifice^ behind a tube on the side 
of the tank. 



Fig. 138. 




Ttfrie 
Fig. 139. 


Fig. 140. 


145. Measuring the flow in open channels. 

Large open channels : floats. The oldest and simplest method 
of determining approximately the discharge in an open channel is 
by means of floats. 

A part of the channel as straight as possible is selected, and in 
which the flow may be considered as uniform. 

The readings should be taken on a calm day as a down-stream 
wind will accelerate the floats and an up-stream wind retard them. 

Two cords are stretched across the channel, as near to the 
surface as possible, and perpendicular to the direction of flow. The 
distance apart of the cords should be as great as possible consistent 
with uniform flow, and should not be less than 150 feet. From a 
boat, anchored at a point not less than 50 to 70 feet above stream, 
so that the float shall acquire before reaching the first line a 
uniform velocity, the float is allowed to fall into the stream and 
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tlie time carefully noted by tneans of a obronometer at whicb it 
passes both the first and second line. If the velocity is slow, the 
observer may walk along the bank while the float is moving from 
One cord to the other, but if it is greater than 200 feet per minute 
two observers will generally be required, one at each line. 

A better method, and one which enables any deviation of the 
float from a path perpendicular to the lines to be determined, is, 
for two observers provided with box sextants, or theodolites, to be 
stationed at the points A and B, which are in the planes of the 
two lines. As the float passes the line AA at D, the observer 
at A signals, and the observer at B measures the angle ABD 
and, if both are provided with watches, each notes the time. 
When the float passes the line BB at E, the observer at B signals, 
and the observer at A measures the angle BAE, and both 
observers again note the time. The distance DE can then be 
aocnratoly determined by calculation or by a scale drawing, and 
the mean velocity of the float obtained, by dividing by the time. 

To ensure the mean velocities of the floats being nearly equal 
to the mean velocity of the particles of water in contact with 
them, their horizontal dimensions should be as small as possible, 
BO as to reduce friction, and the portion of the float above the 
surface of the wator should be very small to diminish the effect of 
the wind. 

As pointed out in section 130, the distribntion of velocity in 
any transverse section is not by any means uniform and it is 
necessary, therefore, to obtain the mean velocity on a number of 
vortical pianos, by finding not only the surface velocity, but also 
the velocity at various depths on each vortical. 

146. Surface floats. 

Surface floats may consist of washers of cork, or wood, or 
other small floating bodios, weighted so as to just project above 
the water surface. The surface velocity is, however, so likely to 
be affected by wind, that it is better to obtain the velocity a 
short distance below the surface. 

147. Double floats. 

To measure the velocity at points below the surface doable 
floats arc employed. They consist of two bodies connected by 
means of a fine wire or cord, the upper one being made as small 
as possible so as to reduce its resistance. 

Gordon*, on the Irrawoddi, used two wooden floats connected 
by a fine fianing line, the lowor float boiug a cylinder 1 foot long, 

* froe. Intt. 0. B,, 1(>98. 
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xKcHeB diameter, bollev nndemeafh and loaded with ©lay to 
*®y required depth; the upper float, which swam on the 
was of light wood 1 inch thick, and carried a small flag, 
Tto sur&oe yelooity was obtained "by sinking the lower float 
8i fee*» the reloaty at this depth being not very 
dmerent from the surface velocity and the motion of the float more 
independent of the effect of the wind. 



Ks 141. Oarky'g eamnt meter. 


SoWm, yelaalfae wm mmmred by inoreMba fl™ 
•f^lower a»t by Imglh, rf 8* fert mU tl» 
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Gordon bu oompared tihe resnlto obtainod by floats witb those 
obtained by means of a onrrent meter (see section 149). For 
amwl] dept^ and low Telocities the results obtained by doable 
floats are fairly accurate, bat at high velocities and great depths, 
the relodtieB obtained are too high. The error is from 0 to 10 
per cent. 

Doable floats are sometimes made with two similar floats, of 
the Hama dimensions, one of whicb is ballasted so as to float at any 
teqaiied depth and the other floats jost below the surface. The 
velocity of the float is tbyi the mean of the surface velocity 
and the velocity at the depth of the lower float. 

148. Bod floats. 

The mean velocity, on any vertical, may be obtained ap> 
proximately by means of a rod float, which consists of a long rod 
having at the lower end a small hollow cylinder, which may be 
filled with lead or other ballast so as to keep the rod nearly 
vertical. 

The rod is made safliciently long, and the ballast adjusted, so 
that its lower end is near to the bed of the stream, and its upper 
end projects slightly above the water. Its velocity is approximately 
the mean velocity in the vertical plane in which it floats. 

149. The current meter. 

The discharge of large channels or rivers can be obtained most 
conveniently and accurately by determining the velocity of flow 
at a number of points in a transverse section by means of a current 
meter. 

The arrangemont shown in Fig. 141 is a motor of the anemo- 
meter type. A wheel is mounted on a vertical spindle and has 
five conical buckets. The spindle revolves in bearings, from 
which all water is excluded, and which are cai’efully made so 
that the friction shall remain constant. The upper end of the 
spindle extends above its bearing, into an air-tight chamber, and 
is tiiaped to form an eccentric. A light spring presses against 
the eccentric, and successively makes and breaks an electrio 
circuit as the wheel revolves. The number of revolutions of the 
wheel is recorded by an electric register, which can be arranged 
at any convenient distance from the wheel. When the drouit is 
made, an electro-magnet in the register moves a lever, at the end 
of which is a pawl carrying forward a ratchet wheel one tooth 
for each revolution of the spindle. The frame of the meter, which 
is made of bronze, is pivoted to a hollow cylinder which can be 
clamped in any desired position to a vertical rod. At the right- 
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iiand side is a rudder having four light metal wings, which 
balances the wheel and its frame. When the meter is being used 
in deep waters it is suspended by means of a fine cable, and to 
the lower end of the rod is fij:ed a lead weight. The electric 
drcnit wires are passed through the trunnion and so have no 
tendency to pull the meter out of the line of current. When 
placed in a current the meter is free to move about the horizontal 
axis, and also about a vertical axis, so that it adjusts itself to 
the direction of the current. 

The meters are rated by experiment and the makers recommend 
the following method. The meter should be attached to the bow 
of a boat, as shown in Fig. 142, and immersed in still water not 
less than two feet deep. A thin rope should be attached to the 
boat, and passed round a pulley in line with the course in which 
the boat is to move. Two parallel lines about 200 feet apart 
should be staked on shoro and at right angles to the course of the 
boat. The boat should bo without a rudder, but in the boat with 
the observer should be a boatman to keep the boat from running 



Fig 142. 


into the shore. The boat should then be hauled between the two 
ranging lines at varying speeds, which during each passage should 
be as uniform as possible. With each meter a reduction table is 
supplied from which the velocity of the stream in feet per second 
can be at once determined from the number of revolutions I’oourded 
per second of the wheel. 

The Ilaskell meter has a wheel of the screw propeller type 
revolving upon a horizontal axis. Its mode of action is very 
similar to the one described. 

Comparative tests of the discharges along a rectangular canal 
as measured by these two meters and by a sharp-edged weir which 
had been carefully calibrated, in no case diftered by more than 
5 x>er cent, and the agreement was generally much closer*. 

* Murphy od ourrent Meter and Weir dischargeb, J^roceediftj/s 
VoL zx>n., p. 779. 
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Anotkor apparatus whiok can be used for detenoining the 
velocity at a pomt in a flowing stream^ even when the stream is of 
small dimensions, as for example a small pii>e, is called a« Pitot 
tube* 


In its simplest form, as originally proposed by Pitot in 1732, 
it consists of a glass tube, with a 
small orifice at one end wkick may 
be turned to receive the impact of 
the stream as shown in Fig* 143. 

The water in the tube rises to a 
height h above the free surface of 
the water, the value of h depending 
upon the velocity v at the orifice of 
the tube. If a second tube is placed 
beside the first with an orifice O parallel to the direction of flow, 
the water will rise in this tube nearly to the level of the free 
surface, the fall 1h being due to a slight diminution in pressure 
at the mouth of the tube, caused probably by the stream lines 
having their directions changed at the mouth of the tube. A 
further depression of the free surface in the tube takes place, 
if the tube, as EF, is turned so that the orifice faces down stream. 

Theory of the Pitot tube. Let it be assumed that immediately 
near the opening of the pitot tube that is facing up stream the 
water is at rest, or there is, what is called, dead water near the 
orifice. If a horizontal stroani lino be supposed approaching the 
orifice in which the velocity of flow is v at some distance from 



. . n v“ 

the orifice, then, for this stream lino ^ = constant. 

^ ’ w 2g 

Let po bo the pressure at the tube opening. Then ^ ® ^ ^ 


or 


Po-P. : 


- A ~ > whore h is the head in the tube. 

w 2g^ 

Fig. 143a shows a number of Pitot tubes impact surfaces, for 
which Ilr W. M. White lias determined the coefficients by 




Fig. 143 a. 



Fig. 143 6. 


L. Un 


* Seepage 500. 
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measumg the height of a column of water produced by a jet 
issuing from a horizontal orifice, and also by moving them through 
still water. In all cases the coeflScicnt A? was unity. Pig. 1436 
shows impact surfaces for which the author has determined the 
coefficients by inserting thorn in a jet of water issuing from a 
vertical orifice, the coefficient of velocity for which at all heads 
was carefully determined by the method described on page 65. 
Pry and Tyndall by experiments on Pitot tubes revolving in air 
found a value for k equal to unity, and Burnham*, using a tube 
consisting of two brass tubes one in the other, the inner one 
tV inch outside diameter and ^ inch thick, forming the impact 
tube, and the outer pressure tube made of ^ inch diameter tube 
fly inch thick, provided with a slit inches long by i^^ch wide 
for transmitting the static pressure, also found h to be constant 
and equal to unity. If the walls of the impact tube are made 
very thin the constant may differ perceptibly from unity. Pry 
and Tyndall found that a tube *177 mm. diameter with walls 
*027 mm. thick gave a value of k several per cent, above unity, 
but when a small mica plate 2 mm. diameter was fitted on the 
end of the tube k was unity. Hie position of the jiressure holes 
in the static pressure tube also affects the constant, and if the 
constant unity is to bo relied upon they should be removed some 
distance from the impact face. The author lias found in experi- 
menting on the velocity of flow in jets issuing from orifices, that, 
by using two small aluminium tubes side by side and their ends 
flush with each other, one of which had the end plugged and the 
other open, the plugged one having small holes pierced through 
the tube peiTpendicular to the axis of the tube very near to the 
end, the coefficient k was with some of the tube combinations as 
much as 10 per cent, greater than unity, but when the impact tube 
was used alone the coefficient was exactly equal to unity, indicating 
that the variation of k was due to uncertain effects on the static 
pressure openings. 

Darcy t was the first to use the Pitot tube as an instrument of 
precision. His improved apparatus as used in open channels con- 
sisted of two tubes placed side by side as in Fig. 144, the orifices 
in the tubes facing up-stream and down-stream respectively. The 
two tubes were connected at the top, a cock being placed in the 
common tube to allow the tubes to be opened or closed to the 
atmosphere. At the lower end both tubes could bo closed at the 
samo time by moans of cock 0. When the apparatus is put into 

* Eng. NewSf Dec. 3905, 

t liecheiehea Hydiaultquea, etc., 1857. 
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flowing water, the cocks C and 0^ being open, the free surface 
rises in the tube B a height hn and is depressed in 1) an amount 
h 2 . The cook C' is then closed, and the apparatus can be taken 
from the water and the difFerence in the level of the two columns, 

th “ Jhx "I* 

measured with considerable accuracy. 

K desired, air can be aspirated from the tubes and the columns 
made to rise to convenient levels for obsoiwation, without moving 
the apparatus. The difference of level will be the same, whatever 
the pressure in the upper part of the tubes. 



Fig. 144. Pig. 146. 

Fig. 145 shows one of Iho forms of Pitot tubes, as experimented 
upon by Professor Gardner Williams*, and used to determine 
the distribution of velocities of the water flowing in circular pipes. 

The arrangement shown in Pig. 146 is a modified form of the 
apparatus used by Freeman t to doteriniiio the distribution of 
velocities in a jet of water issuing from a fire hose under con- 
siderable pressure. As shown in the sketch, the small orifice O 
receives the impact of the stream and two small holes Q are drilled 
in the tube T in a direction perpendicular to the flow. The lower 
part of the apparatus OV, as shown in the sectional jdan, is made 
boat-shaped so as to prevent the formation of eddies in the 
neighbourhood of the orifices. The pressure at the orifice 0 is 

* For othor forms of Pitot tubes as used by Professor Williams, £. S. Colo and 
others, see Proceedimis of the Am.S.C.K., Vol. zxvn. 
t Trantaciions of the Am.S C,E., Tol. zxi. 
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transmitted througii the tube OS^ and the pressure at Q throu^ 
the tube QR. To measure the ifference of pressure, or hew, 
in the two tubes, OS and QR were connected to a differentW 
Muge, similar to that described in section 13, and very small 
differences of head could thus be obtained with great accuracy. 

The tube shown in Fig. 145 has a cigar-shaped bulb, the 
impact orifice 0 being at one end and communicating with the 



Fig. 146 . 1^®' 


tube OS. There are four small openings in the side of the bulb, 
so that any variations of pressure outside are eq^ualised in the 
bulb. The pressures are transmitted through the tubes OS and 
QR to a differential gauge as in the case above. 

In Fi^sr. 147 is shown a special stuffing-box used by Professor 
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Williams, to allow the tube to be moved to the various positions in 
the cross section of a pipe, at which it was desired to determine 
the velocity of translation of the water*. 

Mr E. S. Colet has used the Pitot tube as a continuous meter, 
the arrangement being shown in Pig. 148. The tubes were con- 
nected to a U tube containing a mixture of carbon tetrachloride 
and gasoline of specific gravity 1‘25, The difference of level of 
the two columns was registered continuously by photography. 

The tubes shown in Pigs. 149—150 were used by Bazin to 
determine the distribution of velocity in the interior of jots issuing 
from orifices, and in the interior of the nappes of weirs. Each 
tube consisted of a copper plate 1*89 inches wide, by *1181 inch 
thick, sharpened on the upper edge and having two brass tubes 
*0787 inch diameter, soldered along the other edge, and having 
orifices *059 inch diameter, 0*394 inch apart. The opening in tube 
A was arranged perpendicular to the stream, and in 15 on the face 
of the plate parallel to the stream. 



Fig. 149. Fig. 160. 


161. Calibration of Pitot tubes. 

To calibrate the tubes used in the determination of the disfri- 
bution of velocities in open channels, Darcy + and Bazin used three 
distinct methods. 

(а) The tube was placed in front of a boat which was drawn 
through still water at different volocitios. Tho coefficient was 
1*034. This was considered too large as the bow of the boat 
probably tilted a little, as it moved through the water, thus tilting 
the tube so that the orifice was not exactly vertical. 

(б) The tube was placed in a stream, the velocity of which 
was determined by floats. The coefficient was 1*006. 

(c) Readings wore taken at different points in the cross 
section of a channel, the total flow Q through which was carefully 
measured by means of a weir. The water section was divided 

* See page 144. 

t Proe, A.M.S,O.Kt Vol. zzvix. See also eiperiments by Morphy and Torrance 
in same Tolome. 

% Beoherchet Hydrauliqua* 
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into areas, and about tbe centre of each a reading of the tube 
'Was taken. Calling a the area of one of those sections, and h the 
reading of the tube, the coeihcient 

and was found to bo *993. 

Darcy* and Bazin also found that by changing the position of 
the orifice in the pressure tube tho coefficients changed con- 
siderably. 

Williams, Hubbell and Fenkell used two methods of calibration 
which gave very different results. 

The first method was to move the tubes through still water at 
known velocities. For this purpose a circumferential trough, 
rectangular in section, 9 inches wide and 8 inches deep was built of 
galvanised iron. The diameter of its centre line, which was made 
the path of tho tube, was 11 feet 10 inches. The tube to be rated 
was supported upon an arm attached to a central shaft which was 
free to revolve in bearings on the floor and ceiling, and which also 
supported the gauge and a seat for the observer. The gauge was 
connected with the tube by rubber hose. Tho arm carrying the 
tube was revolved by a man walking behind it, at as uniform a 
rate as possible, the time of the revolution being taken by moans 
of a watch reading to ^ of a second. The velocity was main- 
tained as nearly constant as possible for at least a period of 
6 minutes. The value of h as determined by this method was *926 
for the tube shown in Pig. 145. 

In the second method adopted by those workers, the tube was 
inserted into a brass pipe 2 inches in diameter, the discharge 
through which was obtained by weighing. Readings were taken 
at various positions on a diameter of the pipe, while the flow in the 
pipe was kept constant, llie values of \l2ghy which may be called 
the tube velocities, could then be calculated, and the mean value 
Vto of them obtained. It was found that, in the cases in which the 
form of the tube was such that the volume occupied by it in the pipe 
was not sufficient to modify tho flow, the velocity was a maximum 
at, or near, the centre of the pipe. Calling this maximum velocity 

Vo the ratio X- for a given set of readings was found to be '81. 

V e 

Previous experiments on a cast-iron pipe line at Detroit having 

V . 

shown tliat the ratio * was practically constant for all velocities, 

V m 

Recherchei Hydrauliquet* 
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a amilar condition was assumed to obtain in tbe case of the brass 
pipe. The tube was then fixed at the centre of the pipe, and 
readings taken for various rates of discharge, the mean velocity 
U, as determined by weight, varying from i to 6 feet per second. 


Por the values of % thus determined, it was found that 


U 

»j2gli 


was practically constant. This ratio was *729 for the tube shown 
in Pig. 145, 

Then since for any reading h of the tube, the velocity v is 


= ft N/2g7i, 

the actual moan velocity U - ftVw, 


or 


But 

Therefore 


Vc 

v„rVoV«* 


_ ratio o f TJ to Vq _"729_ 
ratio ot Vm to Vc *814 


For the tube shown in Pig. 146, some of the values of ft as 
determined by the two methods differed very considerably. 

It will be seen that the value of ft determined by moving the 
tube through still water, according to the above results, differs 
from that obtained from the running water in a pipe. Other 
experiments, however, on tubes the coefficients for which were 
obtained by moving through still water and by being placed in 
jets of water issuing from sharp-edged orifices, show that the 
coefficient is unity in both cases. Professor Gregory* using a 
tube (Fig. 147a), consisting of an impact tube i inch diameter 
surrounded by a tapering tube of larger diameter in which 
were drilled the static openings at a mean distance of 12*5 inches 
from the impact opening, found that the cocfBciont was unity 
when moved through still water, or when it was placed in flowing 
water in a pipe. 


152. Gauging by a weir. 

When a stream is so small that a barrier or dam can be easily 
constructed across it, or when a largo quantity of w ater is required 
to be gauged in the laboratory, the flow can bo determined by 
moans of a notch or weir. 


Trans, Am.S,M,E,, 1904. 
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olMonal M it approacbeB the mar should be ae for M 
pofisibls uniforjxi in section^ And it is desirabls for aconrato 
gauging**, that the sides of the channel be made yertical, and the 
width equal to the width of the weir. The sill should be sharp- 
edged, and perfectly horizontal, and as high as possible above the 
bed of the stream, and the down-stream channel 
should be wider than the weir to ensure atmospheric 
pressure under the nappe. The difference in level 
of the sill and the surface of the water, before it 
begins to slope towards the weir, should be ac- 
curately measured. This is best done by a Boyden 
hook gauge. 

153. The hook gauge. 

A simplo form of hook gauge as made by G^urley 
is shown in Fig. 151. In a rectangular groove formed 
in a frame of wood, three or four feet long, slides 
another piece of wood S to which is attached a scale 
graduated in feet and hundredths, similar to a level 
staff. To the lower end of the scale is connected a 
hook H, which has a sharp point. At the npper end 
of the Boalo is a screw T which passes through a lug, 
connected to a second sliding piece L. This sliding 
piece can be clampod to the frame in any position 
by means of a nut, not shown. The scale can theti 
be moved, either up or down, by means of the milled 
nut. A vernier V is fixed to the frame by two small 
screws passing through slot holes, wliich allow for a 
slight adjustment of the zero. At some point a few 
feet up-stream from the weir*, the frame can be 
fixed to a post, or better still to the side of a box 
from which a pipe runs into the stream. The level 
of the water in the box will thus be the same as the 
level in the stream. The exact level of the crest of 
the weir must bo obtained by means of a level and a 
line marked on the box at the same height as the 
crest. The slider L can be moved, so that the hook 
point is nearly coincident with the mark, and the 
final adjustment made by means of the screw T. 

The vernier can be adjusted so that its zero is 
coincident with the zero of the scale, and the slider 
again raised until the hook approaches the surface of the water. 
By means of the screw, the hook is raised slowly, until, by piercing 



* See seotion 62 . 





Fig, 153. Sent Yentari Mekoc* 
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ilie surface of iihe rrater, it canses a distortion of the light reflected 
from the sor&ce. On moving the hook downwards again very 
slightly, the exact surface will be indicated when the distortion 
dimpiiears. 

A more elaborate hook gauge, as used by Bazin for his experi- 
mental work, is shown in Fig. 152. 

For rough gaugings a post can be driven into the bed of the 
channel, a few feet above the weir, until the top of the post is 
level with the siU of the weir. The height of the water sur&ce 
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aboTe the top of tbe post can then be measured by any oonvenient 
scale. 

164. Ganging the flow In pipes; Venturi meter. 

Such methods as already described are inapplicable to the 
measurement of the flow in pipes, in which it is necessary that 
there shall be no discontinuity in the flow, and special meters hare 
accordingly been devised. 

For large pipes, the Venturi meter, Fig. 153, is largely used in 
America, and is coming into favour in this country. 

The theory of the meter has abcady been discussed (p. 44), 
and it was shown that the discharge is proportional to the square 
root of the difference H of the head at tho throat and the head in 
the pipe, or 

Aj* being a coefficient. 

For measuring the pressure heads at the two ends of the cone, 
Mr W. G. Kent uses tho arrangement shown in Fig. 154, 



Fig. 156. Recording drum of the Kent Venturi Meter. 


* See page 46. 
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preBsvre tabes from the xneter are connected to a U tube 
consistiitg of two iron cylinders containing mercury* Upon the 
surface of the mercury in each cylinder is a float made of iron and 
Yulcanitej these floats rise or fall with the surfaces of the mercury. 



When no water is passing through the meter, the mercury in the 
two cylinders stands at the same level. When flow tahes place 
the mercury in the left cylinder rises, and that in the right 
cylinder is depressed until the difleienoe of level of the sur&coa 
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of the mercury is equal toj^, s being the specific gravity of the 

mercury and H the difference of pressure head in the Wo 
cylinders. The two tubes are equal in diameter, so that the rise 
in the one is exactly equal to the fall in the other, and the move- 
ment of either is proportional to H. The discharge is 
proportional to JH, and arrangements are made in the recording 
apparatus to make the revolutions of the counter proportional to 
To the floats, inside the cylinders, are connected raokai, as 
shown in Fig. 154, gearing with small pinions. Outside the 
mercury cylinders are two other racks, to each of which vertical 
motion is given by a pinion fixed to the same spindle as the pinion 
gearing with the rack in the cylinder. The rack outside the left 
cylinder has connected to it a light pen carriage, the pen of which 



Fig. 157. Kent Venturi Meter. Development of Integrating dram. 

makes a continuous record on tke diagram drum shown in 
Fig. 155. This drum is rotated at a uniform rate by clockwork, 
and on suitably prepared paper a curve showing the rate of 
discharge at any instant is thus recorded. The rack outside the 
right cylinder is connected to a carriage, the function of which is 
to regulate the rotations of the counter which records the total 
flk)W. Oonoentrio with the diagram drum shown in Pig. 155, and 
within it, is a second drum, shown in Fig. 156, which also rotates 
at a uniform rate. Fig. 157 shows this internal drum developed. 
The surface of the drum below the parabolic curve FEG* is recessed. 
If the right-*hand carriage is touching the drum on the recessed 
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portion, tho ooimter gearing is in a6tion, but is put Out of action 
when the carriage touches the cylinder on the raised portion 
abore FQ*. Suppose the mercury in the right cylinder to fall a 
height proportional to H, then the carriage will be in contact 
with the drum, as the drum rotates, along the line CD, but the 
recorder will only be in operation while the carriage is in 
contact along the length OE. Since FG* is a parabolic curve the 
;^&^ction of the circumference GE = m . n/H, m being a constant, 
Md therefore for any displacement H of the floats the counter for 
each revolution of the drum will be in action for a period propor- 
tional to ^/H. When the float is at the top of the right cylinder, 
the carriage is at the top of the drum, and in contact with the 
raised portion for the whole of a revolution and no flow is 
registered. When the right float is in its lowest position the 
carriage is at the bottom of the drum, and flow is registered 
during the whole of a revolution. The recording apparatus can 
be placed at any convenient distance less than 1000 feet from 
the meter, the connectmg tubes being made larger as the distance 
is increased. 

156. Deacon’s waste-water meter. 

An ingenious and veiy simple moter designed by Mr G. F. 
Deacon principally for detecting the leakage of water from pipes 
is as shown in Fig. 158. 



Fig. 158. Peacor waste-water meter. 

The body of the meter which is made of cast-iron, has fitted 
mto it a hollow cone 0 made of brass. A disc D of the same diameter 
as the upper end of the cone is suspended in this cone by means of 
a fine wire, which passes over a pulley not shown; the other end 
of the wire carries a balance weight. 
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When no water passes through the meter the disc is drawn to 
the top of the cone, but when water is drawn through, the disc is 
pressed downwards to a position depending upon the quantity of 
wa^r passing. A pencil is attached to the wire, and the motion 
of the disc can then be recorded upon a drum made to revolve by 
clockwork. The position of the pencil indicates the rate of flow 
passing through the meter at any instant. 

When used as a waste-water meter, it is placed in a by-psjgL 
leading from tho main, as shown diagrammatically in Fig, 159. 



Fig. 169. 

The valve A is closed and the valve 0 opened. The rate of 
consumption in the pipe AD at those hours of the night when the 
actual consumption is very small, can thus be determined, and an 
estimate made as to the probable amount wasted. 

If waste is taking place, a careful inspection of the district 
supplied by the main AD may then be made to detect where the 
waste is occurring. 

156. Kennedy’s meter. 

This is a positive meter in which the volume of water passing 
through the meter is measured by the displacement of a piston 
working in the measuring cylinder. 

The long hollow piston P, Pig. 160, fits loosely in the cylinder 
Co, but is made water-tight by means of a cylindrical ring of 
rubber which rolls between the piston and the inside of the 
cylinder, the friction being thus reduced to a minimum. At each 
end of the cylinder is a rubber ring, which makes a water-tight 
joint when the piston is forced to either end of the cylinder, so 
that the rubber roller has only to make a joint while the piston is 
free to move. 

The water enters the meter at A, Fig. 1616, and for the 
position shown of the regulating cock, it flows down the passage 
D and under the piston. The piston rises, and as it does so the 
rack R turns the pinion S, and thus the pinion p which is keyed 
to tho same spindle as S. This spindle also carries loosely 
a weighted lever W, which is moved as the spindle revolves by 
either of two projecting fingers. As the piston continueB to 
ascend, the weighted lever is moved by one of the fingers until its 
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isentrd of graviiy paseea iihe yertioal position, yrlien it anddenly 
£aUB on to a buffer, and in its motion mores the lerer L, which 
taroB the cock, Fig. 161 h, into a position at right angles to that 
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shown. ITie water now passes from A through the passage 0 
and thus to the top of the cylinder, and as the piston 



Fig 



Fig. 161 b. 


L. B. 
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water tliat iis below it passes to the outlet B. The motion o£ 
tbe pinion S is now Teversed, and tbe weight W until it 
agam Teaches the vertical position, when it tells, bringing the 
cook 0 into the position shown in the figure, and another up 



Fig. 101 c» 


stroke is commenced. The oscillations of the pinion p are trans- 
ferred to the counter mechanism through the pinions pi and pi, 
Kg* 161 a, in each of which is a ratchet and pawL The counter 
is thus rotated in the same direction whichever way the piston 
moves. 

157. Gauging the flow of streams by chemical means. 

Mr Stromeyer* has very successfully gauged the quantity of 
water supplied to boilers, and also 
the flow of streams by mixing 
with the stream during a dofinite 
time and at a uniform rate, a 
known quantity of a concentratod 
solution of some chemical, the 
presence of which in water, even 
in very small quantities, can be 
easily detected by some sensitive 
reagent. Suppose for instance 
water is flowing along a small 
stream. Two stations at a known 
distance apart are taken, and the 
time determined which it takes 
the water to traverse the dis^ 
tance between them. At a stated 
time, by means oi a special ap- 
paratus— Mr Btromeyer uses the ^ 

arrangement shown in Fig. 162 Fig. 162. 

— sulphuric acid, or a strong salt 

solution, say, of known strength, is run into the stream at a known 

* TraitsacHonM of Naval ArekitectSf 1896 ; JProceedingt Xtut, 0,E*, Yol. cxol and 
**Jaugeag88 par TitratiosB” bj Collet, Mellet and Liltsohg. SvisB JBmoaa of 
Hjrdrography. 



OAWiwo 901 rum oi watbi 269 

rate» (kt iili« iq>per stai^. WUle the acid is beingr pot into ^ 
a SDUidl Stance npHstream from where the acid is in trodoced 
samples of water are taken at definite intervals. At the lower 
station samplinir is commenced^ at a time, after the insertion of the 
atid at tiie npper station is started, equcd to that required hy the 
water to traverse the distance between the station^ and samples 
are then taken, at the same intervals, as at the upper station. 
The quantity of acid in a known volume of the samples taken 
at the upper and lower station is then determined by anaJysu. 
In a volume Yo of the samples, let the difference in the amount d 
sulphuric acid be equivalent to a volume v* of pure sulphuric 
add. n in a time t, a volume Y of water, has flowed down the 
jitream, and there has been mixed with this a volume- « of pure 
sulphuric add, then, if the add has mixed uniformly with the 
water, the ratio of the quantity of water flowing down the stream 
to tiie quantity of add put into the stream, is the same as the 
ratio of the volume of the sample tested to the difference of the 
volume of the add in the samples at the two stations, or 

« Vo 

Mr Stromeyer considers that the flow in the largest rivers can 
be determined by this method within one per cent, of its true value. 

In large streams spedal precautions have to be taken in 
putting the chemical solution into the water, to ensure a uniform 
mixture, and also special precautions must be adopted in taking 
samples. 

For other important information upon this interesting method 
of measuring the flow of water the reader is referred to the papers 
cited above. 

An apparatus for accurately gauging the flqw of the solution 
is shown in Fig. 162 . The chemical solution is delivered into 
a cylindrical tank by means of a pii>e I. On the surface of the 
solution floats a cork which carries a siphon pipe SS, and a balance 
wdght to keep the cork horizontal. After the flow has been 
commenced, the head h above the orifice is clearly maintoinod 
constant, whatever the level of the surface of the solution in the 
tank. 


IM 
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EXAMPLES. 

(1) Some obsemiioiiB axe made by towing a corrent meter, with the 
following xesnltB:— 

Spaed in ft. per eeo. Bers. of meter per min. 

1 L 80 

6 560 

Find an equation for tho meter. 

(2) Dedcribe two methodH of gauging a large rivor, from obseryationa 
in Tortical and horizontal planes; and state tho nature of tho results 
obtained. 

li the cross section of a river is known, explain how the approximate 
discharge may be estimated by obsorvation of the mid-surface velocity 
alone. 

(8) The following observations of head and the corresponding discharge 
were made in conneotion with a weir 6*58 feet wide. 

Head in foot 01 0*5 1*0 1*5 2*0 2*5 8*0 8*5 4*0 

Discharge in cubic feet per 

sec. per foot width ... 0*17 1*2 8*85 6*1 9*82 18*03 17*08 21*54 26*4 
Assuming the law oonneoting the head h with tho discharge Q as 

find m and n. (Plot logarithms of Q and Jl) 

(4) The following values of Q and h wore obtained for a sharp-edge 
weir 6*68 feet long, without lateral contraction. Find tho coefficient of 
discharge at various heads. 

eadlk .. 
per foot 
length .. 

(5) The following values of the head over a weir 10 feet long were 
obtained at 5 minutes intervals. 

Head in feet *86 *86 *87 *87 *88 *89 *40 *41 *42 *40 *89 *41 
Taking the coefficient of discharge 0 as 8*86, find the discharge in 
one hour. 

(6) A Pitot tube was calibrated by moving it through still water in a 
tank, the tube being fixed to an arm which was made to revolve at 
constant speed about a fixed centre. Tho following were the velocitieB of 
the tube and the heads measured in inches of water. 

Velocities ft. per sec. 1*482 1*788 2*275 2*718 8*285 8*878 4*988 5*584 6*142 
Hoad in inches 

of water *448 *668 1*02 1*69 2*07 2*88 5*40 6*97 8*51 

Determine the coefficient of the tube. 

For examplos on Venturi meters see Chapter U. 


. •! *4 *6 *6 1*0 1*6 2*0 2*5 8*0 8*5 4*0 4*5 5*0 6*5 6*0 
. *17 *87 1*66 2*37 8*36 6*1 9*32 18*08 17*03 21*54 26*4 81*62 87*09 42*81 48*81 
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IMPACT OF WATER ON VANES. 

168. Definition of a vector. A right h'ne AB, coneidered as 
having not only length, bat also direction, and sense, is said to be 
a vector*. The initial point A is said to be the origin. 

It is important that the difference between sense and direction 
should be clearly recognised. 

Suppose for example, from any point A, a line AB of 
definite length is drawn in a northerly direction, then the 
direction of the line is either from south to north or north to 
south, but the sense of the vector is definite, and is from A to B, 
that is from south to north. 

The vector AB is equal in magnitude to the vector BA, but 
they are of opposite sign or, 

AB = -BA. 

The sense of the vector is indicated by an arrow, as on AB, 
Pig. 163. 

Any quantity which has magnitude, direction, and sense, may 
be represented by a vector. 


D 




For example, a body is moving with a given velocity in a 
given direction, sense being now implied. Then a line AB drawn 
p%TiLnftl to the direction of motion, and on some scale equal in 

* Sir W. Hamilton, QiuUernioiu. 
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lengtik to tbo Tdocity of the l>od7 is the vebdly vector; the aense 

fafrojai A to B. 

169. * Sum of two Teotors. 

If e and fi, Fig. 163, are two vectors the sum of these veotors 
is fonnd, by drawing the vectors, so that the beginning of /3 is at 
the end of a, and joining the beginning of a to the end of /3. 
Thns y is the vector sam of a and /6. 

160. Besnltant of two veloeltlea. 

When a body has impressed upon it at any instant two 
velocities, the resultant velocity of the body in magnitude and 
direction is tHe vector sum of the two impressed velocities. This 
may be stated in a way that is more definitely applicable to the 
problems to be hereafter dealt with, as follows. If a body is 
moving with a given velocity in a given direction, and a second 
velocity is impressed upon the body, the resultant velocity is the 
vector sum of the initial and impressed velocities. 

EtampU, Snppose a pottiole of vrater to be moving along a vane DA, Fig. 161 , 
with a vdooity yr. relatWe to the vane. 

If the Tane is at rest^ the particle will leave it at A with this velocity* 

If the vane is made to move in the direction £F with a velocity v, and the 
particle has still a velocity V,. relative to the vane, and remains in contact with the 
vane until the point A is reached, the velocity of the water as it leaves the vane at 
A, will be the vector sum 7 of a and fi, i,e. of Vy and v, or is equal to u. 

161. Difference of two vectors. 

The difference of two vectors « and is fonnd by drawing boih 
vectors from a common origin A, and joining the end of /3 to the 
end of a. Thns, CB, Fig. 1 65, is the difference of tho two vectors 
o and or y-a— /S, and BC is equal to fi—a, or /8-ae-y. 
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169. Absolnte velocity. 

By the terms “absolute velocity” or “velocity” without the 
adjective, as used in this chapter, it ^ould be clearly understood, 
is meant the velocity of the moving water relative to the earth, or 
to the fixed part of any machine in which the water is moving. 


Heuriei ud Taraer, Veeion and RoMn. 
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!IV> avoid repetition of the word ahsolnte, the adjective ia 
freqnentir dropped and ** vdocit 7 ” only is need. 


163. When a body ii moving vnth a velocity U, Fig. 106, in 
any direction, and has its Velodlty changed to IT in any other 
direction, by an impressed force, the chtmge in velocity, or the 
velooily that is impressed on the body, is the vector difference of 
the final and the initial velocities. If AB is U, and AO, XT', the 
impressed velocity is BO. 

By Newton’s second law of motion, the resultant impressed 
force is in the direction of the change of velocity, and if W is the 
weight of the body in potmds and t is the time taken to change 
the velocity, the magnitude of the impressed force is 

W 

P = -T (change of vdocity) lbs, 
gt 

This may be stated more generally as follows. 

The rate of change of momentum, in any direction, is equal to 
the impressed force in that direction, or 

n W do ,, 


In hydraulic machine problems, it is generally only necessary 
to consider the change of momentum of the mass of water that 
acts upon the machine per second. W in the aboTe equation then 
becomes the weight of water per second, and t being one second, 


W 

P « — (change of velocity) lbs, 

9 


164. Impulse of water on vanes. 

It follows that when water strikes a vane which is either 
moving or at rest, and has its velocity changed, either in magni- 
tude or direction, pressure is exerted on the vane. 

As an example, Biq>pose in one second a mass of water, weighing 
W lbs. and moving with a velocity U feet per second, strikes a 
fixed vane AD, and lot it glide upon the vane at A, Fig. 167, and 
leave at D in a direction at right angles to its original direction 
of motion. The velocity of the water is altered in direction but 
not in magmtude, the original velocity being changed to a velodty 
at right angles to it by the impressed force the vane exerts upon 
tlie watmr. 

' The change of velocity in the direction AG is, therefore. 


W 

equal to TJ, and the change of momentum per second is 
foot lbs. 
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Si&Od W lbs. o£ water strike the vane per second, the pressure 
P, aotuift hi the direction CA, required to hold the vane in position 
ie, therefore, 

P.f.n. 



Again, the vane has impressed upon the water a velocity U in 
the direction DF which it originally did not possess. 

The pressure Pi in the direction DP is, therefore, 

P. = P= — .u. 
ff 

The resultant reaction of the vane in magnitude and direction 
is, therefore, B the resultant of P and P, . 

This resultant force could have been 
found at once by finding tho resultant 
change in velocity. Set out ac, Fig. 168, 
equal to the initial velocity in magnitude 
and direction, and ad equal to the final 
velocity. The change in velocity is the 
vector difference cd, or cd is the velocity 
that must be impressed on a particle of 
water to change its velocity from ac to 
ad. 

The impressed velocity cd is V = '711*+ O’, and the total 
impressed force is 

E=— V =— .U = ^/2P. 

9 9 9 


of 



Fig. 168 . 
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It at onoe follows, that if a jet of water strikes a fixed plane 
perpendiottlarlf, with a velocity U, and glides along the plane, the 

’IKT 


W 

normal pressure on the plane ii( 


Example, A stream of water 1 sq. foot in section and baring a velocity of 
10 feet per second glides on to a fixed vane in a direction making an angle of 
80 degrees with a given direction AB. 

The vane turns &e jet through an angle of 90 degrees. 

Find the pressure on the vane in the direction parallel to AB and the restdtant 
pressure on the vane. 

In Fig. 107» AO is the original direction of the jet and DF the final direction. 
The vime simply changes the direction of the water, the final velocity being equal 
to the initial velocity. 

The vector triangle is aed, Fig. 168, ac and ad being equal. 

The change of velocity in magnitude and direction is cd, the vector difference of 
ad and ac ; resolving cd parallel to, and perpendicular to AB, ee is the change of 
velocity parallel to AB. 

Scaling off ce and calling it Vj, the force to be applied along BA to keep the 
vane at rest is, 



But ed=^/2.10 

and cescdoosld^ 

s^2.10.0-9C59s 

theiefon, Pba = x 18'66 


The pressore normal to AB is 


lbs. 


Ja.lOBin WaTSlbe. 
9 


The resultant is 


322 


10072.62-4 
82-3 ° 


i 274 lbs. 


165. Relative velocity. 

Before going on to the consideration of moving vanes it is 
important that the student should have clear ideas as to what is 
meant by relative velocity. 

A train is said to have a velocity of sixty miles an hour when, 
if it continued in a straight line at a constant velocity for one 
hoar, it would travel sixty miles. What is meant is that the train 
is moving at six^ miles an hour relative to tho earth. 

If two trains run on parallel lines in the same direction, one 
at sixty and the other at forty miles an hour, they have a 
Illative velocity to each other of 20 miles an hour. If they move 
in opposite directions, they have a relative velocity of 100 miles 
an hour. If one of the trains T is travelling in the direotion AB, 
Fig. 169, and the otlier Ti in the direction AC, and it be supposed 
that the lines on which they are travelling cross each other at A, 



m 
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•ad ^ fiMdiiB at» At ftny instant over eooH other at At at the end 
of one minute the two trains 'will bo at B and C respective, at 
distances of one mile and two^thirds of a 
mile from A. Belatively to the train T 
moving along AB, ihe train T, moving 
'along AC has, therefore, a velocity equal 
to BC, in magnitude and direction, and 
relatively to the train T, the train T has 
a velocity equal to CB. But AB and AC 
may be taken as the vectors of the two 
vriocities, and BC is the vector difference 
of AC and AB, that is, the velocity of Ti relative to T is the 
vector difference of AC and AB. 



166. Definition of relative velocity as a vector. 

If two bodies A and B are moving with given velocities v and 
Vt in given directions, the relative velocity of A to B is the vector 
difference of the velocities v and v,. , 

Thus when a stream of water strikes a moving vane the 
magnitude and direction of the relative velocity of the water and 
the vane is the vector difference of the velocity of the water and 
the edge of the vane whore the water meets it. 


167. To find the pressure on a moving vane, and the 
rate of doing work. 

A jet of water having a velocity 17 stoikos a flat vane, tho 
plane of which is perpendicular to the direction of the jet, and 
which is moving in the same direction as tho jet with a velocity v. 
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to ivit)]! ft T^ioeity equal to (U -^o), and aa it mores ftiUi tBe vane 
it vnll still liave a velocity « in the direction of motion of the 
vane. Instead of the water gliding along the vane, the velocity 
U-e may be destroyed by eddy motions, bat the water will stiU 
have a velocity « in the direction of the vane. The change in 
vdooity in the direction of motion is, therefore, the relative 
velocity TJ-e, Fig. 170. 

For every pound of water striking the vane, the horizontal 
change in momentnm is , and this equals the normal pressure 

P on the vane, per pound of water striking the vane. 

The work done per second per pound is 


Pt>= n — ? ,1, foot lbs. 
9 


The original kinetic energy of the jet per pound of water 
TJ* 

striking the vane is ^ , and the efSciency of the vane is, therefore, 

_2v(TT-v) 

U* * 


which is a maximum when « is |IJ, and An application of 
such vanes is illustrated in Fig. 185, page 292. 

Nozzle and einglfi vane. Lot the water striking a vane issue 
from a nozzle of area a, and suppose that there is only one vane. 

Let the vane at a given instant be supposed at A, i^‘g. 172. At 
the end of one second the front of the jet, if perfectly free to 
move, would have arrived at B and the vane at C. Of &e water 
that has issued from the jet, therefore, only the quantity BC will 
have hit the vane. 



The discharge from the nozzle is 

W = 62'4 , a . U lbs., 

and the weight that hits tho vane per second is 

U 

The change of momontum per second is 
9 U 
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andtih.e work done is, therefore, 

W(U— «)*o 
U.ff ’ 

Or the work done per lb. of water isaoing from the nozzle is 

o(U-o)* 

U.g • 

This is purely a hypothetical case and has no practical 
importance. 

Nozzle and a number of vanea. If there are a number of 
vanes closely following each other, the whole of the water issuing 
&om the nozzle hits the vanes, and the work done is 

W(U-e)o 

9 

The officionoy is 

2» (U — «) 

U» ’ 

and tho maximum efficiency is 7 . 

It follows that an impulse water wheel, with radial blades, as 
in Fig. 185, cannot have an efficiency of more than 50 per cent. 

168. Impact of water on a vane when the direotionB of 
motion of the vane and Jet are not parallel. 

Lot IT be the velocity of a jet of water and AB its direction, 
Fig. 173. 



Let the edge A of the vane AO be moving with a velocity v; 
the relative velocity Y, of the water and the vane at A is DB. 
From the trianglo DAB it is seen that, the vector sum of the 
velocity of the vane and the relative velocity of the jet and the 
vane is equal to the velocity of the jet; for clearly U is the vector 
sum of V and V,. 

If the direction of the tip of the vane at A is made parallel to 
DB tho water will gbde on to the vane in exactly the same way 
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as if it wero at rest, and the watet were moving in the direction 
DB. This is the condition that no energy shall be lost by shock. 

When the water leaves the vane, the relative velocity of the 
water and the vane must be parallel to the direction of the 
tangent to the vane at the point where it leaves, and it is equal to 
the vector difference of the absolute velocity of the water, and 
the vane. Or the absolute velocity with which the water leaves 
the vane is the vector sum of the* velocity of the tip of the vane 
and the relative velocity of the water to the vane. 

Let GG- be the direction of the tangent to the vane at C. Let 
OB be Vi, the velocity of 0 in magnitude and direction, and lot OF 
be the absolute velocity Uj with which the water leaves the vane. 

Draw EP parallel to GQ to meet the direction OP in P, then 
the relative velocity of the water and the vane is EP, and the 
velocity with which the water leaves the vane is equal to OP. 

If Vi and the direction GQ- are given, and the direction in which 
the water leaves the vane is given, the triangle OEP«can be 
drawn, and OP determined. 

If on the other hand Vi is given, and the relative velocity Vr is 
given in magnitude and direction, OP can be found by measuring 
off along EP the known relative velocity Vr and joining OP. 

If Vi and Ui are given, the direction of the tangent to the vane 
is then, as at inlet, the vector difference of Ui and Vi. 

It will be seen tliat when the water either strikes or leaves the 
vane, the relative velocity of the water and the vane is the vector 
difference of the velocity of the water and tho vane, and the actual 
velocity of tho water as it leaves tho vane is the vector sum of the 
velocity of the vane and the relative velocity of the water and 
the vane. 

Example, The direction of the tip of the vane at the outer circnmference of a 
wheel fitted with vanes, mokes an angle of 165 degrees with the direotion of motion 
of the tip of the vane. 

The velocity of the tip at the enter oiroumferenoo is 82 feet per second. 

The water leaves the wheel in such a direotion and with such a velocity that the 
radial component is IS feet per second. 

Find the absolate velocity of the water in direction and magnitude and the 
relative velocity of the water and the wheel. 

To draw the triangle of velocities, set out AB equal to 82 feet, and make the 
angle ABO equal to 15 degrees. BO is then parallel to the tip of the vane 

Draw £0 parallel to AB, and at a distance from it equal to 13 feet and 
intersecting BO in 0. 

Then AO is the vector sum of AB and BO, and is the absolute velocity of the 
water in direotion and magnitude. 

, Expressed trigonometrically 

AO»=s (82 - 13 cot 15®)>+ 13» 

=s3d*5«+18^ and AOs86*7 it per see. 

dnBAO=E^»-354. 

BAO-aO>46'. 


Therefore 
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ChisMUam whtdi tbe vanes of byilmnlte mmhltiM 

tn all properly designed hydraulic machinos, such as torbines^ 
vraier whirls, and centrifugal pnmps^ in which water flowing in 
a definite direction impinges on moving vanes, the relative velocity 
of the water and the vanes should be parallel to the direction of 
the vanes at the point of contact. If not, the water breahs into 
eddies as it moves on to the vanes and energy is lost. 

Again, if in such machines the water is required to leave the 
vanes with a given velocity in magnitude and direction, it is only 
necessary to make the tip of the vane parallel to the vector 
difference of the given velocity with which the water is to leave 
the vane and the velocity of the tip of the vane, 

Example (1). A jet of water, Fig. 174, moyes in a direction AB making an ang^ 
of 80 degrees with the diieotion of motion AO of a vane moving in the atmo^ere* 
The jet has a volooity of 80 ft. per second and the vane of 16 ft. per second. To Snd 
(a) the direction of the vane at A so that the water may enter without shodk; (6) the 
diieoUoiaof the tangent to the vane where the water leaves it, so that the amlnte 
vdooity of the water when it leaves the vane is in a direction perpendicular to AO; 
(e) the pressure on the vauo and the work done per second per pound of water 
sinking the vane. Friction is neglected. 



The relative velocity V,. of the water and the vane at A ie CB, and for no sboeik 
the vane at A must be parc^el to GB. 

Binoe there is no Motion, the relative velocity V,. of the water and the vane 
cannot alter, and therefore, the triangle of velocities at exit is AOD or FA^O, • 

The point D is found, oy taking 0 as centre and CB as radius and striking the 
arc BD to cut the known dueotion AD is D. 

The total change of velocity of the jet ie the vector differenoe DB of the initial 
and Snal velooitieB, and the change of velocity in tbe direction of motion is BJS. 
Calling this v^oity V, the pressure exerted upon the vane in the direction of 
motion is 

V 

lbs. per lb. of water striking the vane. 

^ Vv 

The work done per lb. is, therefore, ft. lbs. and the efildenoy, since there Is 
no loss by friction, or shock, is 

Yv 2Vo 
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Tk$ atmge fn tk* kimMe murfff vftkt$HU «iwa to tKo work 4 om kf the Jot. 
Tlwltiiwtlo «nace|f per lb. ol (I» originel Jet ie ^ ud the flaal Uaetio energy it 
U,* ^ 




XIm work dono ii, <ibmfox«, ^ ^ ft. lbs. «nd the effloieiicj ia 

asp 


tJ* Ue* 
2g^Tg 
fflT ^ 

2g 




For 

end since 
therefore, 

Bni 

therefore, 


It can at onee be seen from the geometij of the flgme that 

g ^ ^g^ 2g * 

AB*s= AO*+CB»+2AO . OG, 

CDssCB and CD«:sA(F-f AD*, 

AB*- AD*s2AO (AG*f CQ) 
m2vV. 

AB«-.AD*=sUa-Ui*, 

U*-Ui*^eV 
2g * g • 

If the water instead of leaving the vane in a direction perpendienlar te e, leaves 
it with a velocity Ui having a oomponent parallel to v, the work done on the 
vane per poaud of water xs 

g 

If Ui be drawn on the figure it will be seen that the change of velocity in the 
dirootion of motion is now (V Vj), the impressed force per pound is — and 

the work done ia, therefore, ® ^bs- per pound. 

As befoie, the work done on the vane is the loss of kinetio energy of the jet, and 
therefore, 

g ^9 * 

The work done on the vane per pound of water lor any given va^'u^ of Uj, is, 
therefore, independent of the dimtiou of Uj^. 

Example (2). A senes ol vanes such as AB, Fig. 175, are fixed to a (turbine) 
wheel which revolves about a fixed centre C, with an angular velocity it. 

The radius of B is li and of A, r. Within the wheel are a number of guide 
passages, through which water is directed with a velocity U, at a definite inclination 
$ with the tangent to the wheeL The air is supposed to have free access to the 
wheel. 

To draw the triangles of velocity, at inlet and outlet, and to find the directions 
of the tips of the vanes, so that the water moves on to the vanes without shock and 
leaves the wheel with a given velocity U| • Fnotion neglected. 

In this case the velocity relative to the vanes is altered by the whirling of the 
water as it moves over vanes. It will be shown later that the head impressed 

‘ The mgent AH to the vane at A makes an angle ^ with the tangent AD to the 
eheel, so imtt FD makes an angle ^ with AD. The triangle of velodties AID al 
Isilet M, therefore, as shown in the figure and does not need explanation. 

To draw tlm triangle of velooitiea at exit, set out BG equal to 9 % and perpeiu 
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•diealar to radiua BO, and with B and Q as centred, describe circles with T7i and 
IV as radii respectively, intersecting in B. Then GB is parallel to the tangent to 
the vane at B. 

(See Impnlse turbines.) 

Ifbrh done on the wheel. Neglecting friotion etc. the work done per pound of 
water passing through the wheel, emce the pressure is constant, being equal to the 
atmoB^erio pressure^ is the loss of kinetio energy of the water, and is 


ft* ft., us. 

2g 2g 

The work done on the wheel can also be found from the consideration of the 
ohange of the angular momentum of the water passing through the wheel. Before 
going on however to determine the work per pound by this method, the notation 
that has been used is summarised and several important principles considered. 



Notation used in connection with vanes, turbines and centrifugal 
pumps. Let U be the velocity with which the water approaches 
the vane, Fig. 175, and v the velocity, perpendicular to the radius 
AO, of the edge A of the vane at which water enters the wheel. 
Let V be the component of U in the direction of v, 
u tlie component of U perpendicular to v, 

Vr the relative velocity of the water and vane at A, 

Vi the velocity, perpendicular to BO, of the edge B of the vane 
at which water leaves the wheel, 

Ui the velocity with which the water leaves the wheelj 
Yi the component of Ui in the direction of Vi, 
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«i iihe oompcmont of Uj perpendicular to Vi, or along BO, 
tv the relative velocity of the water and the vane at B. 
VelodUes of whirl. The component velocities V and Vj are 
called the velocities of whirl at inlet and outlet respectively. 
This term will frequently be used in the following chapters. 


170. Definition of angular momentum. 

e 

If a weight of W pounds is moving with a velocity XJ, Pigs. 175 
and 176, in a given direction, the perpendicular distance of which 
is S feet from a fixed centre C, the angular momentum of W is 


W 


. U . S pounds feet. 


171. Change of angular momentum. 

If after a small time t the mass is moving with a velocity Ui in 
a direction, which is at a perpendicular distance Si from the 

W 

angular momentum is now — UiSij the change of angular 
momentum in time t is 

y(US-U,SO; 

and tlio rate of change of angular momentum is 




Pig. 177. 


172. Two Important principles. 

(1) WorJt done hy a couple, or turning moment. When a 
body is turned through an angle a measured m radians, under the 
action of a constant turning moment, or couple, of T pounds feet, 
the>work done is Ta foot pounds. 

If the body is rotating with on angular velocity w radians 
per second, the rate of doing wcuk is T<« foot pounds per second, 

and tho horse-power is ^ . 


n n. 


18 
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Qappotte a body rotates about a fixed centre 0, 1^- 177, and 
a fcroe P lbs. acts on the body, the perpendicular disf a Hi c e from 
0 to the direction of P being 8. 

ISie moment of P about G is 


T=P.S. 


if the body turns through an angle «• in one second, the 
distance moved through by the force P is «.S, and the work 
done by P in foot pounds is 

Ptt>S = Tft>. 


And einoe one horse-power is equivalent to 88,000 foot poonds 
per minute or 550 foot pounds per second the horse-power is 


HP= 


T«* 

556* 


(2) The rate of dumge of angular momentum of a body 
rotating ahovi a fined emlre ia equal to the couple acting upon 
the body. Suppose a weight of W pounds is moving at any instant 
with a velodly IT, Fig. 176, the perpendicular distance of which 
from a fixed centre G is S, and that forces are exerted upon W 
BO as to change its velocity from T7 to TTi in magnitude and 
direction. 

The reader may be helped by assuming the velocity IT is 
changed to Hi by a wheel such as that shown in Fig. 175. 

Sniq>OBe now at the point A the velocity U is destroyed in a 
time dt, then a force will be exerted at the point A equal to 

g *dt’ 

and the moment of this force about G is P . 8. 

At the end of the time dt, let the weight W leave the wheel 
with a velocity Ui. During this time dt the velocity lit might 
have been given to the moving body by a force 



acting at the radius 8,. 

The moment of Pi is PiSi ; and therefore if the body has been 
acting on a wheel, Fig. 175, the reaction of the wheel causing the 
velocity of W to change, the couple acting on the wheel is 

T»^^(US-UiSi) (1). 


When ITS is greater than ITiSi, the body has done work on the 
wheel, as in water wheels and turbines. When ITiSi is greater 
than ITS, the wheel does work on the body as in centrifugal pumps. 
Let the wheel of Fig. 175 have an angular velocity m. 
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In ft lanm tha angle moredi tihrongli the ooople ia «3i| 
and iliei«l<nn tiie work d<me in time di ia 

T.«a«-j«(US-TJiSO (2). 


Suppose now W is the weight of water in pounds per second 
which strikes the ranes of a moving wheel of any form, and this 
water has its velocity changed from 17 to Ui, then hy making dt 
in either equation (1) or (2) equal to unity, the work done per 
second is 

T«»~«(US-U,S0, 

Ir 

and the work done per second per i>onnd of water entering the 
wheel is 

JCUS-tJ.S,). 

Sf 

This result, as will he seen later (page 887), is entirely inde- 
pendent of the change of pressure as the water passes through the 
wheel, or of the direction in which the water passes. 

173> Work done on E series of vanes fixed to a wheel 
expressed in terms of the veloeitieB of whirl of the water 
entering and leaving the wheel. 

Outward Jtow twHno. If water enters a wheel at the inner 
dTOumfwenoe, as in Fig. 175, the flow is said to be outward. 
On reference to the figure it is seen that since r ia perpendicular 
to Y, and S to XT, therefore 

r _ U 
S“ 

and for a similar reason 

R_U, 

Sx' V,- 

Again the angular velocity of the wheel 

V Vi 

**~r~Jl* 

therefore the work done per second is 

B«y(Ye-V,eO, 

and the work done per pound of flow is 
" Yv YiVi 

9 ~ 9/ 

Inward flow twrlnne. If the water enters at the outer car* 
oumferenoe of a wheel with a velocity of whirl Y, and leaves at 
the inner circumference with a velocity of whirl Yi, the velocities 

16—3 
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of inlot Bud ontlot laps of the vanes being v and t>i wspootively 

the work done on the wheel is still 

I«_Yi2Lx foot lbs. 

? S' 

The flow in this case is said to be inward. 

Parallel flow or axial flow turbine. If vanes, such as those 
shown in Pig. 174, are fixed to a wheel, the flow is parallel to the 
of the wheel, and is said to bo axial. 

Por any given radius of the wheel, Vi is e(],ual to v, and the 
work done per pound is 

which agrees with the result already found on page 271. 

174. Curved vanes. Pelton wheel. 

Let a scries of cups, similar to Figs. 178 and 179, bo moving 
with a velocity i;, and a siieam with a greater velocity U in tlio 
same direction. 

The relative velocity is 

Yr^(0-v). 

Neglecting friction, the relative velocity Vr will remain con- 
stant, and the water will, therefore, leave the cup at the point B 
with a velocity, Vr, relative to the cup. 




If the tip of the cup at B, Fig. 178, makes an angle 6 with the 
direction of v, the absolute velocity with which the water leaves 
the cup will be the vector sum of v and Yr, and is therefore Ui. 
The work done on the cups is then 
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per lb. of Frater, and the efficiency is 


U* U,* 



2p 

For Ui, the value 

Ui = *y{« - (U-«) cos 0\* + (U - ®)*sin® B 
can be substitated, and the efficiency thus determined in terms of 
V, U and (t. 

Pelton wheel eupa. If 0 is zero, os in Fig. 171), and TJ— o is 
equal to v, or U is twice v, IJi clearly becomes zero, and the water 
drops away from the cup, under the action of gravity, without 
possessing velocity in tho direction of motion. 

The whole of tho kinetic energy of the jet is thus absorbed 
and the theoretical efficiency of tho caps is unity. 

The work done determined from consideration of the change of 
momentvm. The component of Ui, Fig. 178, in the direction of 
motion, is 

e — (U - u) cos 0, 

and the change of momoutam per iKtiind of water striking the 
vanes is, therefore, 

U —V + (U — o) cosd 
9 

The work done per lb. is 

t; { U - + (IT — t?) cos 0) 

9 * 

and the cf&cioncy is 

V (U- v) cos^} 

e [J3 

^■~2g 

_ 2i’ {U-« + (U - v) COB 0) 

U* 


When 0 is 0, cos 6 is unity, and 

4v (U-e) 

«=* igT » 

which is a mavimnm, and equal to unity, when « is 


175. Force tending to move a vessel fh>m whioh water 
la iaaning through an orifice. 

When water issues from a vertical orifice of area a sq. feet, 
in the side of a vessel at rest, in which the surface of the water is 
maintaiaed at a height h feet above the centre of the orifice, the 



m 
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praMrare on the orifice, or the foroe tending to move the Yewel 
in the oppoaite direction to the morement tA the nrater, is 

F-2to.a.h lbs., 

«p being the weight of a onbio foot of water in pounds. 

The vessel being at resi^ the velocity with which the watw 
leaves the orifice, neglecting friction, is 

v=J2gh, 

and. the quantity discharged per second in onbio feet is 

Q»a«. 

The momentum given to the water per second is 

9 

*= 2w, a. K 

But the momentum given to the water per second is equal to 
the impressed force, and therefore the force tending to move the 
vessel is 

F»2to.a.h, 

or is equal to twice the pressure that would be exerted upon a 
plate covering the orifice. When a fireman holds the nozzle of a 
hose-pipe through which water is issuing with a velocity v, there 
is, therefore, a pressure on his hand equal to 

2wae* _ «Jo»* 

2g 9 ' 

li the vessel has a velocity V backwards, the velocity 17 of the 
water relative to the earth is 

U=o-V, 

and the pressure exerted upon the vessel is 

9 

The work done per second is 

or foot Ibf. 

per lb. of flow fretn the nozzle. 

Y(v-T) 

The efficiency is s = — — 

2V(i>-V) 

^ ’ 

which is a yiftTinniim, when 
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176. The proinilaian of ehlpe hy water jets. 

A method of pFopelling ships by means of jets of water issuing 
from orifices at the back of the ship, has been used with some 
SQooess, and is still employed to a very limited extent, for the 
pn^pnlsion of lifeboats. 

Water is taken by pumps carried by the ship from that 
sarrounding the vessel, and is forced through the orifices. Let 
V be the Telocity of the water issuing from the orifice relatiTe 


Then 5 - is the 
2g 


to the riiip, and Y the velocity of the ship. 

head h forcing water from the ship, and the available energy 
per pound of water leaving the ship is h foot pounds. 

The whole of this energy need not, however, be given to the 
water by the pumps. 

Imagine the ship to be moving through the water and having 
a pipe with an open end at the front of the ship. The water in 
front of the ship being at rest, water will enter the pipe with a 

Y* 

velocity Y relative to the ship, and having a kinetio energy ^ 

per pound. If friction and other losses are neglected, the work 
that the pumps will have to do upon each pound of water to eject 
it at the back with a velocity v is, clearly, 

^ T 

2g~2g' 

As in the previous example, the velocity of the water issuing 
from the nozzles relative to the water behind the ship is « - Y, 


and the change of momentum per jmund is, therefore, 
is the area of the nozzles the propelling force on the ship is 


v-Y 

9 


. Ifo 


woe (u— Y) 
9 


Iba, 


and the work done is 

9 

The efficiency is the work done on the ship divided by the 

and, 

therefore, 

2Y(e-Y) 
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wliioli can be made as near uidiy as is desired by making v and 

Y approximate to equality* 

But for a given area a of the orifices^ and velocity v, the nearer 

V approximates to Y the less the propelling force F becomes, and 
the size of ship that can be driven at a given velocity Y for the 
given area a of the orifices diminishes. 

IEt;is2Y, e = f. 


EXAMPLES. 

(1) Ten cubic feet of water per second are discharged from a stationary 
jet, the sectional area of which is 1 square foot. The water impinges nor* 
mally on a flat surface, moving in the direction of the jet with a velocity 
of 2 feet per second. Find the pressure on the piano in lbs., and the work 
done on the plane in horse-power. 

(2) A jet of water delivering 100 gallons per second with a velocity of 
20 feet per second impinges perpendicularly on a wall. Find the pressure 
on the wall. 

(8) A jet delivers 160 cubic feet of water per minute at a velocity of 
20 feet per second and strikes a plane perpendicularly. Find the pressure 
on the plane — (1) when it is at rest ; (2) when it is moving at 5 feet per 
second in the direction of the jot. In the latter case find the work done 
per second in driving the plane. 

(4) A fire-engine hose, 8 inchos bore, discharges water at a velocity of 
100 feet per second. Supposing the jot directed normally to the side of a 
building, find the pressure. 

(5) Water issues horizontally from a fixed thin-edged orifice, 6 inches 
square, under a head of 25 feet. The jet impinges normally on a 
moving in the same direction at 10 feet per second. Find the pressure on 
the plane in lbs., and the work done in horse-power. Take the coefficient 
of discharge as *64 and the coefficient of velocity as *97. 

(6) A jet and a plane surface move in directions inclined at 80% with 
velocities of 80 feet and 10 feet per second respectively. What is the 
relative velocity of the jot and surface ? 

(7) Let AB and BO bo two lines inclined at 80% A jet of water moves 
in ihe direction AB, with a velocity of 20 feet per second, and a series of 
vanes move in the direction OB with a velocity of 10 feet per second. Find 
the form of the vane so that the water may come on to it tangentially, and 
leave it in the direction BI), perpendicular to CB. 

Supposing tliat the jot is 1 foot wide and 1 inch thick before impinging, 
find the eilort of the jet on tho vanes. 
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(8) A curred plate is motmted on a slide so that the plate is free to 
move along the slide. It leceives a jet ol water at an angle of 80* with a 
nonxial to the direction of sliding^ and the jet leaves the plate at an angle 

of 120* with the same normal Find the force which must be applied to 
the plate in the direction of sliding to hold it at rest, and also the normal 
pressure on the slide. Quantity of water flowing is 600 lbs. per minute 
with a velocity of 85 feet por second. 

(9) A fixed vane receives a jet of water at an angle of 120* with a 
direction AB. Find what angle the jet must be turned through in order 
that the pressure on the vane in the direction AB may be 40 lbs., when the 
flow of water is 45 lbs. per second at a velocity of 80 feet per second. 

(10) Water under a head of 60 feet is discharged through a pipe 6 inches 
diameter and 150 foot long, and then through a nozzle, the area of which 
is one-tenth the area of the pipe. 

Neglecting all losses but the friction of the pipe, determine the pressure 
on a fixed plate placed in front of tho nozzle. 

(11) A jet of water 4 inches diameter impinges on a fixed cone, the 
axis coinciding with that of the jet, and the apex angle being 80 degrees, 
at a velocity of 10 feet per second. Find the pressure tending to move the 
cone in the direction of its axis. 

(12) A vessel containing water and having in one of its vertical sides 
a oir(^ar orifice 1 inch diameter, which at first is plugged up, is 
suspended in such a way that any displacing force can be accurately 
measured. On tho removal of the plug, the horizontal force required to 
keep the vessel in place, applied opposite to the orifice, is 3*6 lbs. By the 
use of a measuring tank tho discharge is found to be 81 gallons per minute, 
the level of the water in the vessel being maintained at a constant height 
of 9 feet above the orifice. Determine the coefficients of velocity, con- 
traction and discharge. 

(18) A train carrying a Bamsbottom's scoop for taking water into tho 
tender is running at 24 miles an hour. What is the greatest hei^t at 
which tho scoop will deliver tho water? 

(14) A locomotive going at 40 miles an hour scoops up water from a 
trough. The tank is 8 feet above the mouth of the scoop, and the delivery 
pipe has an area of 50 square inches. If half tho available head is wasted 
at entrance, find the velocity at which tho water is delivered into tho tank, 
and the number of tons lifted m a trench 500 yards long. What, under 
these conditions, is tho increased resistance; and what is the minimum 
speed of train at which the tank can bo filled? Lend. Un. 1906. 

If air is freely admitted into the tube, as in Fig. 179 a, the water will 
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move into the tabe with a velocity v valaihro to iAm 
tabe equal to that of the train. (OompalsB wltii 
Fig. 167.) The water xiae in tabe with a 
diminishing velocity. The velocity of ihe train being 
58*66 ft. per sec., and half the available head being 
lost, the velocity at inlet is 

^ 2g.^.5^^»4r6 ft. per see. 

The velocity at a height h feet is 
t>e-V4F6*^^:8 


•>84*8 ft. per sec. 

U the tube is fall of water the velocity at inlet is 84*8 ft. per seo. 

(15) A stream delivering 8000 gallons of water per zninnto with a 
velocity of 40 feel per second, by impinging on vanes is caosed freely to 
deviate through an angle of lO"", the velocity being diminished to 85 feet 
per second. Determine the velocity impressed on the water and the 
presbore on tlio vanes duo to impact. 


(16) Water flows from a 2-inch pipe, without contraction, at 45 feet per 
second. 

Determine the maiciTniiTu work done on a maohino carrying moving 
plates in the following cases and the respective efficiencies : — 

(a) When the water impinges on a single flat plate at right angles and 
leaves tangentially. 

(b) Similar to (a) but a large number of equidistant flat plates are 
interposed in the path of tlie jet. 

(c) When the water glides on and off a single semi-cylindrical cup. 

(cQ When a large number of cups are used as in a Felton wheeL 

(17) In hydraulic mining, a jet G inches in diameter, discharged under 
a hood of 4(K) feet, is delivered horizontally against a vertical cliff face. 
Find the pressure on the faoe. What is the horse-power delivered by the 
jet? 


(18) If the action on a Felton wheel is equivalent to that of a jet on a 
series of hemi^herical cups, And the efficiency when the speed of the 
wheel is five-eighths of the speed of the jet. 


(19) U in the last question the jet velocity is 50 feet per second, 
and the jet area 0*15 square foot, find the horse-power of the wheel. 


(20) A ship has jet orifioes 8 square feet m aggregate area, and die* 
charges through the jets 1(X) cubic feet of water per second. The speed of 
the ship is 15 feet per second. Find the propelling force of the jets, the 
efficiency of the propeUer, and, neglecting friction, the horse-power of the 
engines. 



CHAPTER TX. 

WATER WHEELS AND TtJRBINBS. 

Water wheels can be divided into two classes as follows. 

(a) Wheels upon which the water does work partly by 
impulse but almost entirely by weight, the velocity of the watcw 
when it strikes the wheel being small. There are two types of 
this class of wheel, Overshot Wheels, Figs. 180 and 181, and 
Breast Wheels, Figs. 182 and 184. 

(5) Wheels on which the water acts by impulse as when 
the wheel utilises the Idnctic energy of a stream, or if a head h is 
available the whole of the head is converted into velocity before 
the water comes in contact with the wheel. In most impulse 
wheels the water is made to flow under the wheel and hence 
they are called Undershot Wheels. 

It will be seen that in principle, there is no lino of demarcation 
between impulse tVater wheels and impulse turbines, the latter 
only differing from the former in constructional detail. 

177. Overshot water wheels. 

This type of wheel is not suitable for very low or very high 
heads as the diameter of the wheel cannot be madh greater than 
the head, neither can it conveniently be made much less. 

Figs. 180 and 181 show two arrangements of the wheel, the 
only difference in the two cases being that in Fig. 181, the top of 
the whed is some distance below the surface of the water in the 
np>stream channel or penstock, so that the velocity v with which 
the water reaches the wheel is larger than in Fig. 180. Thu has 
the advantage of allowing the periphery of the wheel to have a 
highwr velocity, and the size and weight of the wheel is eonse* 
(luently diminished. 

The buckets, which are generally of the form shown in the 
figures, or are curved similar to those of Fig. 182, are con- 
nected to a rim H coupled to the central hub of the wheel by 
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mitable eposes or frametrork. This class of wheel has been 
oonaiderably used for heads varying from 6 to 70 feet, bat u now 
becoming obsolete, being replaced by the modem tarbine, which 
for the same head and power can be made much more compact, 
and con be run at a much greater number of revolutions per unit 
time. 




Tho direction of the tangent to the blade at Inlet for no shock 
can be found by drawing the triangle of velocities as in Figs. 180 
and 181. The volocity of the periphery of the wheel is v and the 
velocity of the water XT. The tip of the blade should be parallel 
to Vr. The mean volocity U, of the water, as it enters the wheel 
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in Fig. 181, •will be h being tbe velocity of approach 

of the •water in the channel, H the fall of the free surface and k 
a coefficient of velocity. The water is generally brought to the 
wheel along a wooden flume, and thus the velocity U and the 
supply to the wheel can be maintaiued fairly constant by a simplo 
sluice placed in the flume. 

The best velocity v for the periphery is, as sho^wn bolow, 
theoretically equal to ^17 cos 0, but in practice the velocity v is 
frequently much greater and *ezperiment shows that the best 
velocity v of the periphery is about 0‘9 of the velocity U of the 
water. 

If n is to be about l‘lo the •water must enter the wheel at 
a depth not less than 

TT 

^~2f/ '2g 

below the water in the penstock. 

If the total fall to the level of the water in the tail race is h, 
the diameter of the wheel may, thei'cfore, be between h and 



Since U is equal to "/2pH, for given values of XT and of h, the 
larger the wheel is made the greater must be the angular distance 
from tlie top of the wheel at which the water enters. 

With the type of wheel and penstock shown in Fig. 181, the 
head H is likely to vary and tho velocity U will not, therefore, be 
constant.^ If, however, the wheel is designed for the required power 
at minimum flow, when tho head increases, and there is a greater 
quantity of water available, a loss in efficiency will not be 
important. 

The horse-power of the wheel. Let D be the diameter of the 
wheel in feet which in actual wheels is from 10 to 70 feet. 

Let N be the number of buckets, which in actual wheels is 
generally from 2^ to 3D. 

Let Q be the volume of water in cubic feet of •water supplied 
per second. 

Let u be the angular velocity of the wheel in radians, and n 
tho number of revolutions per sec. 

Let h be the width of the wheel. 

Let d, which equals rj-r,, be the depth of the shroud, which 
on actual wheels is from 10" to 20". 

* TheoiysndtestofMi OveiBhotWstorWbeel.'byO.B. Weidner,'WiBOOB^n,1918, 
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WhateYSr lihe form of ihe btickete the oapad^ of each bookei ie 
6<f , nearly. 

nnmber of buokete which pass the stream per second is 
N-> xr 

If a fraction k of each backet is filled with water 
Q = khd-^.-^ 

_ 

* 2 ’ 


or 


*&!!)«■ 


The fraction k in actual wheels is from itoi» 

If h is the fall of the water to the level of the tail race and e 
the efficiency of the wheel, the horse-power is 


HP = 



and the width b for a given horse-power, HP, is 
, iiQonp HP 

® " 62-4eMDa>;i ^ ekdB^h ’ 

Effect of centrifugal forces. As the wheel revolves, the surface 
of the water in the buckets, due to centrifugal forces, takes up a 
curved form. 

Consider any particle of water of mass w lbs. at a radius r 
equal to CB from the centre of the wheel and in the surface of 


A 



Fig. 161a. 

the water. The forces acting ui>on it are to due to gravity and 
the centrifugal force ^ <o'r acting in the direction GB, cd being the 
angular velocity of the wheel* Hie resultant BQ (Fig. 181 a) of 
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tlieae feroeB miufb be noraoal to the surface. Let B& be produced 
to meet the vertical through the centre in A. Ihen 

AO AO 

9 


or 


•^ 0 = 4 . 


That is the normal AH always outs the vertical through 0 in 
a fixed point A, and the surface of the w^ter in any bucket lies 
on a circle with A as centre^ 

Loaaea of emrgy in overshot wheels. 

V,* 


The whole of the velocity head ^ is lost in eddies in the 


(«) 

buckets. 

In addition, as the water falls in the bucket through the 
vertical distance EM, its velocity will be increased by gravity, 
and the velocity thus given will be practically all lost by eddies. 

Again, if the direction of the tip of the buckot is not paralld to 
Yr the water will enter with Aook, and a further head will be 
lost. The total loss by eddies and shock may, therefore, be 
written 

Yl 

U* 


hi "^Ic \ 


or 


hi + Afi 


2s;’ 


h and hi being coefficients and hi the vertical distance EM. 

(J>) The water begins to leave the buckets before the level of 
the tail race is reached. This is increased by the centrifugal 
forces, as clearly, due to these forces, the water will leave the 
buckets earlier than it otherwise would do. If is the mean 
height above the tail level at which the water leaves the buckets, 
a head equal to is lost. By fitting an apron G-H in front of the 
wheel the water can bo prevented from leaving the wheel until it 
is very near the tail race. 

(c) The water leaves the buckets with a velocity of whirl 
eqiial to the velocity of the periphery of the wheel and a further 

head ^ is lost 
2g 

' (d) If the level of the tail water rises above the bottom of 

.the wheel there will be a further loss due to, (1) the head h# equal to 
the height of the water above the bottom of the wheel, (2) the 
impact (d the tail water stream on the buckets, and (8) the 
teudency for the backets to lift the water on the ascending side 
tho wheel. 
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III times of flood tliere may be a considerable rise of ibe 
down-stream, and Aq may then be a large fraction of If on 
the other hand the wheel is raised to such a height above the tail 
water that the bottom of the wheel may be always clear, the 
head hm will be considerable during dry wcatlier flow, and the 
greatest possible amount of energy will not be obtained from the 
water, just when it is desirable that no energy shall bo wasted. 

If h is the difference in level between the up and down-stream 
surfaces, the maximum hydraulic efficiency possible is 




h 


. 0 ), 


and tho actual hydraulic efficiency will be 
h - (hjh + Icoho + A»» + 

k, hi and ko being coefficients. 

The efficiency as calculated from equation (1), for any given 
value of hmi is a maximum when 
V,* ^ r‘ . 

TT” + IS a minimum. 

2(7 2r; 

From the triangles EKP and KDF, Fig. 180, 

(U cos ^ - vy + (U sin - Vr*. 

Therefore, adding -y* to both sides of the equation, 

Vr* + v" = U* cos’ e - 2U'y cos ^ + 2u’ + U’ sin* 0, 

which is a minimum for a given value of U, when 2Uv cos fl-2i;* 
is a maximum. Differentiating and equating to zero this, and 
therefore tho efficiency, is soon to bo a maximum, when 

t; = ^cos 6 . 

The actual efficiencies obtained from overshot wheels vary 
from 60 to 89* per cent. 


178. Breast wheel. 

This type of wheel, like the overshot wheel, is becoming 
obsolete. Fig. 182 shows the form of the wheel, as designed by 
Fairbaim. 

The water is admitted to the wheel through a number of 
passages, which may be opened or closed by a sluice as shown in 
the figure. The directions of these passages may be made so that 
the wator enters tho wheel without shook. The water is retained 

* Theoxy and test of Overshot Water Wheel* Bulletin No. 629 University ef 
WUeonsin, 
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in the backet^ by tbe breast, antU the backet reaches the tail race, 
and a greater fraction of the head is therefore utilised than in 
the overshot wheel* In order that the air may enter and leave 
the buckets freely, they are partly open at the inner rim. Since 
the water in the tail race runs in the direction of the motion of 
the bottom of the wheel there is no serious objection to the tail 
race level being 6 inches above the bottom of the wheel. 

The losses of head will be the same as for the overshot wheel 
except that hm will be practically zero, and in addition, there will 
be loss by friction in the guide passages, by friction of the water 
as it moves over the breast, and further loss due to leakage 
between the breast and tho wheel. 



rig. 182. BiHsast Wheel. 


According to Rankine the velocity of the rim for overshot and 
breast wheels, should be from 4J to 8 feet per second, and the 
velocity 17 should be about 2v, 

The depth of the shroud which is equal to ra - n is from 1 to 
If feet. Let it bo denoted by d. Let H be the totri fall and let 
it be assumed that the efficiency of the wheel is 65 per cent. Then« 

L. H. 19 
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tib# qnaantily of water roqinred per second in odbio foet for 
ttiTen horseopower N is 

^ _ N.550 

^“rta'AxTrxOfiS 


18-5N 
“ H • 

From I' to I of tlie rolnme of each hnckot, or from ^ to } of tibn 
total volume of the buckets 'on the 
loaded part of the wheel is filled whh 
water. 

Let b be the breadth of the buckets, 
if now V is the velocity of the rim, and 
an arc AB, Fig. 183, is set off on the 
outer rim equal to «, and each bucket 
is half fuU, the quantity of water 
carried down per second is 
iABOD.6. 

Therefore 

Equating this value of Q to the above value, the width 6 is 

27ND 

(r, + r0odH» 

D being the outer diameter of the wheel. 

Breast wheels are used for falls of from 3 to 15 feet and the 
diameter should be from 12 to 25 feet. The width may be aa 
great as 10 feet. 



Example^ A breast wheel 20 feet diameter and 6 feet wide, working on a fall 
of 14 feet and having a depth of shroud of 3'', has its buokets t folk The mean 
velocity of the buckets is 6 feet per aecond* k'ind the horse-power ol the wheel» 
assuming the efficiency 70 per cent. 

nx> K 1 OK ft ^ 62-4 X 0*70 X 14^ 

np=6xl-26x6xgx jg-g 


= 26 - 1 . 

The dimensions of this wheel should he compared with those calculated for an 
inward flow turbine working under the same head and developing the same horse- 
power. 3ee page 889« 


179. Sagebien wheels. 

These wheels. Fig. 184, have straight buckets inclined to the 
radius at an angle of from 30 to 45 degrees. 

The velocity of the periphery of the wheel is very small, never 
exc^ding 2| to 3 feet per second, so that the loss due to the water 
leaving the wheel with this velocity and due to leakage between 
the wheel and bi'oast is smalL 
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An effici 0 nc 7 of over 80 per oeat. lias beea obtained with 
l^ieee wheels. 

The water enters the wheel in a horizontal direction with 
a vdooitf n equal to that in the penstock, and the triangle of 
velooitieB is therefore ABC. 

If the bnoket is made parallel to Y, the water enters without 
diook, while at the some time there is no loss of head due to 
friction of guide passages, or to contraction as the water enters or 
leaves them; moreover the direction of the stream has not to be 
changed. 



The inclined straight bucket has one disadvantage ; when the 
lower part of the wheel is drowned, the buckets as they ascend are 
more nearly perpendicular to the surface of the tail water than 
when the blades aro radial, but as the peripheral speed is very 
low the resistance due to this cause is not considerable. 

180. Impulse wheels. 

In Overshot and Breast wheels the work is done principally 
by the weight of the water. In the wheels now to be considered 
t^ whole of the head available is converted into velocity before 
the water strikes the wheel, and the work is done on the whed 
by changing the momentum of the mass of moving water, or ih 
other words, by changing the kinetio energy of the water. 

19>-2 
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Uniersliot wheet with fiat hlades. The simplert ca^ is when 
a wheel with radial blades^ similar to that showii m Fig. 186, is 
pat into a running stream. 

H 6 is the width o£ the wheel, d the depth of the streani under 
wheel, and U the velocity in feet per second, the weight of 
water that will strike the wheel per second is 5 , d . w U lbs., and 
the energy available per second is 


U* 

b.d.to^foot lbs. 
2g 


Let V be the mean velocity of the blades. 

The radius of the wheel being large the blades are similar to 
a series of flat blades moving parallel to the stream and the water 
leaves them with a velocity v in the direction of motion. 

As shown on page 268, the best theoretical value for the 
velocity v of such blades is |U and the maximum possible 
efficiency of the wheel is O’S. 



Fig. 185. Impalse WheeL 


By placing a gate across the channel and making the bed near 
the wheel circular as in Pig, 185, and the width of the wheel 
equal to that of the channel, the supply is more under control, and 
loss by leakage is reduced to a minimam. 

The conditions are now somewhat different to those assumed 
for the large number of flab vanes, and the maximum possible 
efficiency is determined as follows. 

Iiet Q be the number of cubic feet of water passing through 
the wheel per second. The mean velocity with which the water 
leaves the penstock at ab is TJ-hj2oh. Let the depth of the 
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stream at ah be t. The ▼elodty’ with which the watOT leaves the 
wheel at the section ed ia v, the velocity of the blades. If the 
width of the stream at ed is the samo as at ah and the depth 
is ht, then, 

h, X e = < X TJ, 



Since IT is greater than v, hf is greater than t, as shown in 
the figure. 

The hydrostatic pressure on the section cd is ^htbio and on 
the section ah it is \^hv}. 

The change in momentum i)er second is 

and this must be equal to the improssed forces acting on the mass 
of water flowing per second through ah or cd. 

These impressed forces are Pthe driving pressure on the wheel 
blades^ and the difference between the hydrostatic pressures acting 
on cd and ah. 

If, therefore, the driving force acting on the wheel is P lbs,, 
then, 

P + \h^lvj = S!? (U _ v). 

^TT ^ 

Substituting for ho , the work done per second is 

w = P® = (U -®) - - ®) . 

Or, since Q « 5 . ^ . U, 

The efficiency is then, 

® (IT — ®) _ f 

g ~2V®~U/ 
e- I 

2sr 

which is a maximum when 

2o’U* - 4w*U + piU* + p<«* = 0. 

The best velocity, v, for the mean velocity of the blades, has 
been found in practice to be about 0’4IT, tlte actual efficiency is 
from 80 to 35 per cent., and the diameters of the wheel are 
generally from 10 to 23 feet. 

Floatmg wheels. To adapt the wheel to the rising and 
lowering of tho waters of a stream, the wheel may be mounted on 
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a frama which may be taised or lowered as ihe stream rises, or the 
axle carried upon pontoons so that the wheel rises automatically 
with the stream. 

181. Ponoelet wheel. 

The efficiency of the straight blade impulse wheels is very 
small, doe to the large amount of energy lost by shock, and to the 
velocity with which the water leaves the wheel in the direction of 
motion. 

The efficiency of the wheel is doubled, if the blades are of such 
a form, that the direction of the blade at entrance is paralldi to 
the relative velocity of the water and the blade, as first suggested 
by Poncelet, and the water is made to leave the whed with no 
oomiwnent in the direction of motion of the poriphory of the 
wheeL 

Fig. 186 shows a Ponoolet whooL 



Suppose the water to approach the edge A of a blade with a 
velocity U making an angle 0 with the tangent to the wheel at A. 

Then if the direction of motion of the water is in the direction 
AC, the triangle of velocities for entrance is ABC. 

The relative velocity of the water and the wheel is Yr, and il 
the blade is made snfficieutly deep that the water does not overflow 
the upper edge and there is no loss by shock and by friction, a 
I>article of water will rise up the blade a vertical height 

V,* 
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B ihei^ begins to Ml and arrives at the tip of the blade vrith the 
velooit7 Yr relative to the blade in the inverse direction BE. 

The triangle of velocities for exit is, therefore, ABE, BE being 
equal to BO. 

The velocity vnth which the water leaves the wheel is then 

AE = U,. 

It has been assumed that no energy is lost by friction or by 
shook, and therefore the work done on the wheel is 

2jr"“ 2p* 

and the theoretical hydraulic efficiency* is 

•2p 

a). 

Tills will be a maximom when IJi is a minimam. 

Now since BE»BO, the perpendiculars EF and CD, on to 
AB and AB produced, from the points B and 0 respectively, are 
equal. And since AC and the angle 6 are constant, CD is constant 
for all values of v, and therefore FB is constant. But AE, that is 
Ui, is always greater than FE except when AE is perpendicular 
to AD. The velocity TJi will have its minimum value, therefore, 
when AE is equal to FE or Ui is perpendicular to v. 

The triangles of velocities are then as in Fig. 187, the point B 
bisects AD, and 

V « JU cos 0 . 

For maxunum efficiency, therefore, 
e® JDcosS. 

* In what folloWB, the teruu iheotetioal hydranlio effieien^ and hydranUo 
effidenoy will ba frequently need. The maximnm woik per lb. that oan be ntilieed 
by any hydranlio maebine supplied witt water nnder a head U, and from which 

w® 

the water exhausts with a Telocity u is H - . The ratio 



is the theoretieal hydranlio elfioieney. If there are other hydranlio losses in the 
maohine equivalent to a head h/ per lb. of floWp the hydraulic eihoienoy is 



The aetael effloieney of the machine is the ratio of the external work dona per Ibe 
of water by the maohine to He 
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The efficiency can also be fonod by considermgr the change of 
momentmn. 

l!he total change of velocity impressed on the water is CBi and 
the change in the direction of motion is . 
therefore FD, Fig. 186. A— 

And since BE is equal to BO, FB is 
eqnal to BD, and therefore, £ ^ U 

FD « 2(11 cos tf-v). Fig. J87. 

The work done per lb. is, then, 

2 (U cos^-o) 

_____ ^ M 

and the efficiency is 

TB 2 (TJo cos ^ - o*) 

® Tm 


9 


(S) 


_ 4 (XT® cos ® - «*) 
= U* 


.( 2 ). 


Differentiating with respect to v and equating to zoro, 
tr COS0— 2o = 0, 

or e = ^Uco8tf. 

The velocity D, with which the water leaves the wheel, is then 
perpendicular to v and is 

Ui=TJ sin®. 

Substituting for « its value cos 0 in (2), the maximum efficiency 

is cos^0. 

The same result is obtained from equation (1), by substituting 
for Ui, TJ sin/?. 

The maximum efficiency is then 


E=l- -^ - = oos*g. 

A common value for 0 is 15 degrees, and the theoretical 
hydraulic efficiency is then 0'933. 

This increases as 0 diminishes, and would become unity if 6 
could be made zero. 

If, however, 0 is zero, U and v are parallel and the tip of the 
blade will be perpendicular to the radius of the wheel. 

This is clearly the limiting case, which practically is not 
realisable, without modifying tho construction of the wheel. The 
necessary modification is shown in the Pelton wheel described on 
page 377. 

The actual efficiency of Pouoelet wheels is from 55 to 65 per 
cent. 
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Farm of the hed. Water enters the wheel at all points between 
Q and B, and for no shock tho bed of the channel FQ should be 
made of such a form that the direction of the stream, where it 
enters the wheel at any point A between B and Q, should make 
a constant angle 6 with the radius of the wheel at A 

With O as centre, draw a circle touching the lino AS which 
makes the given angle 0 with tho radius AO. Take several 
other points on the circumference of the wheel between B and 
Q, and draw tangents to the circle STV. If then a curve 
PQ is drawn normal to these several tangents, and the stream 
lines are parallel to PQ, the water onfering any part of the 
wheel between B and Q, will make a constant angle 0 with the 
radius, and if it enters without shock at A, it will do so at all 
points. Tlie actual velocity of the water U, as it moves along the 
race PQ, will be less than s/2gH.^ due to friction, etc. The 
coefficient of velocity in most cases will probably be between 
0'90 and 0'95, so that taking a mean value for kp of 0*925, 

U =0*925 n/2(7H. 

The he$t value for the velocity v taking friction into ciccount. 
In determining tho best velocity for the periphery of the wheel no 
allowance has been made for the loss of energy due to friction in 
the wheel. 

If Vr is the relative velocity of the water and wheel at entrance, 
it is to be expected that tho velocity relative to the wheel at exit 
will be less than Vr, due to friction and interference of tlie rising 
and falling particles of water. 

The case is somewhat analogous to that of a stone thrown 
vertically up in the atmosphere with a velocity v. If there were 
no resistance to its motion, it would rise to a certain height, 



and then descend, and when it again reached the earth it would 
have a velocity equal to its initial velocity u. Due to resistances, 
the height to which it rises will be less than hi, and the velocity 
with which it roaches tho ground will bo oven less than iliat due 
to falling freely through this diminished height. 

Let tho velocity relative to the wheel at exit be nYr, n being 
a fraction less than unity. 

The trianglo of velocities at exit will then be ABE, Fig. 188. 
Tlio change ot velocity in the direction of motion is GrIX, which 
equals 

BH + G15 = BH (1 + n) 

= (l + n) (Ucos^-u). 
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U vdooity ikt exit vdalave to the wheel is only «7 r, there 
nxiiBt haTe heen lost by Motion etc., a head eqnal to 

V* 

, Ihe work done on the wheel per lb. of water is, therefor^ 

1(1 + ») (U 008 d - e)} V Vr* /■, 
g -2g^^ 



Let (1 -»*) be denoted by/, then sinoe 

V,* = BH» + GH* * (U 008 - e)» + T? sm*5, 
the effioiency 

{(1 + «) (U cos (?-«)} - - ^ {(U cos - »)• + D* 8in*«l 

2L^ 

2g 

DifEerentiating with respect to v and equating to zero, 

2 (1 + ») U cos — 4 (1 + n) « + 2IJ/C0S 0 — 2vf==0, 
from which 

{(1 +«) +/}Ucosfl 

/+2(l + ») 

^ (2 + n-«*)TJcoB^ 

* 8— »* + 27» 

H /is now supposed to be 0 5, i.e. the head lost by Motion, eto. 

is " , « is 0'71 and 

2g 

« = ’56U cos®. 

If /is taken as 0*75, 

« = 0*6U cos®. 

DimensionB of Poncelet loheeU. The diameter of the wheel 
should not be less than 10 feet when the bed is carved, and not 
less than 16 feet for a straight bed, otherwise thore will be con* 
Biderable loss by shock at entrance, due to the variation of the 
angle ® which the stream lines make with the blades between B 
and Q, Fig. 186. The water will rise on the buckets to a height 
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Y* 

nearly eqnal to and since the water first enters at a point E, 

blade depth d must, therefore, be greater than this, or the 
water will overflow at the upper edge. The clearance between 
the bed and the bottom of the wheel should not be less than 
The peripheral distance between the consecutive blades is tahien 
from 8 inches to 18 inches. 

Sone-power of Ponedei wheels. If IL is the height of the 
sur&ce of water in the penstock above tho bottom of the wheel, 
the velocity U will be about 

0-92 

and V may be taken as 

0-55 X 0-92 >/2pn = 0-5 

Let D be the diameter of the wheel, and b the breadth, and let 
t be the depth of the orifice HP. Then the number of revolutions 
per minute is 

0-5 

tiT • 

w.D 

The coefiiciont of contraction c for the orifice may be from 0*8, 
if it is sharp-edged, to 1 if it is carefully rounded, and may be 
taken as 0*8 if the orifice is formed by a flat-edged sluice. 

The quantity of water striking the wheel per second is, then, 

Q = 0*92ct6N/^. 

If the efficiency is taken as 60 per cent., tho work done per 
second is 0*6 x 62’4QH. ft. lbs. 

Tho horso-power N is then 

t , t _ 34 * 5 . c .<. b j2glS.,Tl 
550 

182. Tarblnes. 

Although the water wheel has been developed to a oonaderable 
degree of perfection, efficiencies of nearly 90 percent, having been 
obtained, it is being almost entirely superseded by the turbine. 

The old water wheels were required to drive slow moving 
machinery, and the great disadvantage attaching to them of 
having a small angular velocity was not felt. Such slow moving 
wheels are however entirely unsuited to the driving modem 
machinery, and especially for the driving of dynamos, and they 
are fuiiher quite unsuited for the high heads which are now 
utilised for the generation of power. 

Turbine wheels on the other hand can be made to run atetUier 
low or very high speeds, and to work under any head varying 
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from 1 foot to 2000 feet, and the speed can be rej^lated with 
much greater precision. 

Due to the slow speeds, the old water wheels could not develops 
large power, the maximum being about 100 horse-power, whereas 
at Niagara Falls, turbines of 10,000 horse-power have recently 
been installed. 


Types of Turhines. 

Turbines are generally divided into two classes; impulse, or 
free deviation turbines, and reaction or pressure turbines. 

In both kinds of turbines an attempt is made to shape the 
vanes so that the water enters the wheel without shock; that is 
the direction of the relative velocity of the water and the vane is 
parallel to the tip of the vane, and the direction of the leaving 
edge of the vane is niado so that the water leaves in a specified 
direction. 

In the first class, the whole of the available head is converted 
into velocity before the water strikes the turbine wheel, and the 
pressure in the driving fluid as it moves over the vanes remains 
constant, and equal to the atmospheric pressure. The wheel and 
vanes, therefore, must be so formed that the air has free access 
between the vanes, and the space between two consecutive vanes 
must not be full of water. Work is done upon the vanes, or in 
other words, upon the turbine wheel to which they are fixed, in 
virtue of the change of momentum or kinetic energy of the 
moving water, as in examples on pages 270 — 2. 

Suppose water supplied to a turbine, as in Fig. 258, under an 
effective head H, which may be supposed equal to the total head 
minus losses of head in the supply pipe and at the nozzle. The 
water issues from the nozzle with a velocity U = and the 

available energy per pound is 


Work is done on the wheel by the absorption of the whole, or 
part, of this kinetic energy. 

If ITi is the velocity with which the water leaves the wheels 
the energy lost by the water per pound is 

2g 2g* 

and this is equal to the work done on the wheel together with 
energy lost by friction etc. in the wheel. 

In the second class, only part of the available head is con- 
verted into velocity before the water enters the whed, and the 
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velocity and pressure both vary as the water passes through the 
wheel* It is therefore essential^ that the wheel shall always be 
kept full of water* Work is done upon the wheel, as will be seen 
in the sequence, partly by changing the kinetic energy the water 
possesses when it enters the wheel, and partly by changing its 
pressure or potential energy. 

Suppose water is supplied to the turbine of Fig. 191, under 
the efFoctive head Hj the velocity U with which the water enters 
the wheel, is only some fraction of and the pressure head 

at the inlet to the wheel will depend upon the magnitude of U 
and upon the position of the wheel relative to the head and tail 
water surfaces* The turbine wheel always being full of water, 
there is continuity of flow through the wheel, and if the head 
impressed upon the water by centrifugal action is determined, as 
on page 335, the equations of Bernoulli ^ can be used to determine 
in any given case the difference of pressui*e head at the inlet and 
outlet of the wheel. 


If the pressure head at inlot is — and at outlet — , and the 

velocity with which the water leaves the wheel is Ui, the work 
done on the wheel (see page 338) is 


£ 

w 



per pound of water, 


or work is done on the wheel, pai tly by changing the velocity 
head and partly by changing the pressure head. Such a turbine 
is called a reaction tuibine, and the amount of reaction is measured 
by the ratio 

w w 

"TT- 


Clearly, if p is made equal to pj, the limiting case is reached, 
and the turbine becomes an impulse, or free-deviation turbine. 

It should be clearly understood that in a reaction turl>ine no 
work is done on the wheel merely by hydrostatic pressure, in the 
sense in which work is done by the pressure on the pisLon of a 
steam engine or tho ram of a hydraulic lift. 


183. Reaction, turbines. 

The oldest form of turbine is the simple reaction, or Scotch 
turbine, which in its simplest form is illustrated in Fig. 189. 

A vertical tube T has two horizontal tubes connected to it, the 
outer ends of wliich are bent round at right angles to the direction 


** See piige dd4* 
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ol l8(a9& of ilifi tube, or two boles 0 and Oi are drilled as !n the 
figure. 

Water is supplied to the central tube at such a rate as to ke^ 
the level of the water in the tube 


oemstant, and at a height h above 
the horizontal tubes. Water escapes 
through the orifices 0 and 0, and 
the wheel rotates in a direction 
opposite to the direction of flow of 
the water from the orifices. Tar« 
bines of this class are frequently 
used to act as sprinklers for distri* 
buting liquids, as for example for 
distributing sewage on to bacteria 



Fig. 189. Sooteh Torbina. 


beds. 


A better practical form, known as the Whitelaw turbine, is 


shown in Fig. 190. 



Fig 190 Wbitelaw Turbina. 


To understand the action of the turbine it is first necessary to 
consider the effect of the whirling of the water in the arm upon 
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discliarge from ihe wheel, Let v he the relooity of rotation 
of the orifices, and h the head of water above the orifices. 

Lnaghie &e wheel to be held at rest and the orifices opened; 
then the head cansing vdooitjr of flow relative to the arm is ■ 
simply h, and neglecting friction the water will leave the nozzle 
with a velocity 

Now suppose the wheel is filled with water and made to rotate 
at an angular velocity *», the orifices being closed. There will 
now be a pressure head at the orifice equal to h plus the head 
impressed on the water due to the whirling of each particle of 
water in the arm. 

Assume the arm to be a straight tube, Fig. 189, having a cross 
sectional area a. At any radios r take an element of thickness dr. 

The centrifugal force due to this element is 

a * w .a . 

9 

The pressore per unit area at the outer periphery is^ therefore^ 

_ 1 1® toa<t)Vdr 
“ o jo g 
U)<a*R ° 

" 29 * 

and the head impressed on the water is 

' 2 

2g" 

Let V be the velocity of the orifico, then v = and therefore 

w 

If now the wheel be assumed frictionloss and the orifices are 
opened, and the wheel rotates with tho angular velocity the 
head causing velocity of flow relative to the wheel is 

<«• 

Let Yt bo the velocity relative to the wheel with which the 
water leaves the orifice. 

Then 

The velocity relative to the ground, with which the water 
leaves the wheel, is Vr^v, the vector sum of and «. 
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ThB wator leaTes the wbed, therefore, mth a velodtjr relati.'ve 
to the grouad of /»= W-v, and the Hnetio energy lost is 

(V — e)* 

por pound of water. 

The theoretical hydraulic efficiency is then, 

® ^ 

Yr*-V*-(Vr-Vy 

_ 2v (Vr — ®) 

- Y*-V* 

2v 

“Vr + «* 

Since from (2), Vr becomes more nearly equal to « as « 
increases, the energy lost per pound diminishes as v increases, 
and the efficiency E, therefore, increases with v. 

The effteiency of the reaction wheel when friction ia eonaidered. 
As before, 

•* (3). 


H = A, 4- 


2flr’ 


JoYr* 


Assuming the head lost by friction to be , the total head 


must be equal to 


2? 




.(4;. 


The work done on the wheel, por pound, is now 


h- 


and the hydraulic efficiency is 


JeVr* 

2^ 


h- 


22L 


£ 

2p’ 

£ 

2.7 


e=- 

ri 

Substituting for h from (4) and for Vr— 

2v (Vr-v) 

Vr = nv, 

_ 2 (^- 1 ) 
(l+&)w*-l- 
Differentiating and equating to zero^ 

w»(l + fc)-2n(l + fc) + l-0. 


Let 

then 


e=- 


e=: 
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184. Outward flow turbineB. 

The outward flow turbine was invented in 1628 by Four- 
neyron. A cylindrical wheel W, Figs. 191, 192, and 201, having 
a number of suitably shaped vanes, is fixed to a vertical axis. 
The water enters a cylindrical chamber at the centre of the 
turbine, and is directed to the wheel by suitable fixed guide 
blades G-, and flows through the wheel in a radial direction 
outwards. Between the guide blades and the wheel is a cylindri- 
cal sluice B which is used to control the flow of water through 
the wheeL 



Pig. 191a. 


This method of regulating the flow is very imperfect, as when 
the gate partially closes the passages, there must bo a sudden 
enlargement as the water enters the wheel, and a loss of head 
ensues. The eiflciency at *^part gate” is consequently very 
much less than when the flow is unchecked. This difficulty is 
partly overcome by dividing the wheel into several distinct 
compartments by horizontal diaphragms, as shown in Fig. 192, 
BO that when working at part load, only the efficiency of one 
compartment is affected. 

The wheels of outward flow turbines may have their axes, 
either horizontal or vertical, and may be put either above, or 
below, the tail water level. 

The “siLctian tvie” If placed above the tail water, the 
exhaust must take place down a suction pipe,” as in Fig. 201, 
page 317, the end of which must be kept drowned, and the pipe 
air-tight, so that at the outlet of the wheel a pressure less than 
the atmospheric pressure may be maintained. If hi is the height 
oi the centre oi the discharge periphery of the wheel above the 
tail water level, and pa is the atmospheric pressure in pounds per 
square foo^ the pressure liead at the discharge ciroumforenoe is 
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The wheel eannot be more than 84 feet above the level of the tail 
water, or the pressure at the outlet of the wheel will be negative, 
and practically, it cannot be greater than 25 feet. 

It is shown later that the effective head, under which the 
turbine works, whether it is drowned, or placed in a suction tube, 
is the total fall of the water to the level of the tail race. 



Fig. 199, FourDejron Outward Flow luibine. 


The use of the suction tube has the advantage of allowing the 
turbine wheel to bo placed at some distance above the tail water 
level, BO that the bearings can be readily got at, and repairs can 
be more easily executed. 

By making the suction tube to enlarge as it descends, the 
velocity of exit can be diminished very gradually, and its 

20—2 
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Yalxio kiBpt fftifall. If the exhaust takes p1a6e direct from the 
wheel, as in Fig. 102, into the air, the mean head available is ihe 
head of water above the centre of the wheel. 

Trumglea of velodtiea at inlet and outlet. For the water to 
enter the wheel without shock, the relative velocity of the water 
aod the wheel at inlet must be parallel to the inner tips of the 
vanes. The triangles of velocities at inlet and outlet are shown 
in Figs. 103 and 194. 




Let AC, Fig. 103, be the velocity U in direction and magnitude 
of the water as it flows out of the guide passages, and let AD be 
the velocity v of the receiving edge of the wheel. Then DO is Vr 
the relative velocity of the water and vane, and the receiving 
edge of the vane must be parallel to DO. The radial component 
GO, of AO, determines the quantity of water entering the wheel 
per unit area of the inlet circumference. Let this radial velocity 
be denoted by «. Then if A is the peripheral area of the inlet 
face of the wheel, the number of cubic feet Q per second entering 
the wheel is 

Q=A.», 

or, if d is the diameter and h the depth of the wheel at inlet, and 
t is the thickness of the vanes, and n the number of vanei^ 

Q = (jrd — n.i).b.u. 

Let D be the diameter, and Ai the area of the discharge peti* 
phery of the wheel. 

Ihe peiipheral velocity Vi at the outlet circumfereuoe is 

e.D 
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Let lit be the tadial bomponent of Telocit 7 of exit, then what- 
ever the direction with which the water leaves the wheel the 
radial oamiwnent of velocity for a given discharge is constant. 

The triangle of velocity can now be drawn as follows: 

Set off BE equal to Vi, Fig. 194, and BE radial and equal 
to «i. 

Ijet it now be supposed that the direction EF of the tip of the 
vane at discharge is known. Draw EF parallel to the tip of the 
vane at D, and through E draw EF parallel to BE to meet EF 
in F. 

Then BF is the velocity in direclaon and magnitude with which 
the water leaves the wheel, relative to the g^ond, or to the fixed 
casing of the turbine. Let this velocity be denoted by Ui. If, 
instead of the direction EF being given, the velocity 17i is given 
in direction and magnitude, the triangle of velocity at exit can be 
drawn by sotting out BE and BF equal to Oi and 17, respectively, 
and joining EF. Then the tip of the blade must be made parallel 
toEF. 

For any given value of IT, the quantity of water flowing 
through the wheel is 

Q = AilJ, cos x= A,?*, . 


W<yrTt done on the wheel neglecting friction, etc. The kinetic 
energy of the water as it leaves the turbine wheol is 

^ per pound, 

and if the discharge is into the air or into the tml water this 
energy is of necessity lost. Neglecting friction and other losses^, 
tho available energy per pound of water is then 

foot lbs., 

2p 

and the theoretical hydraulic efiiciency is 


E 



and is constant for any given value of XT,, and independent of the 
direction of IJi. This efiicioncy must not be confused with the 
actual efficiency, which is much less than E. 

The smaller 17i, the greater the theoretical hydraulic efficiency, 
and since for a given flow through the wheel, D, wiU be least 
whmi it as radial and equal to the greatest amount of work 
will be obtained for the given flow, or the efficiency will be a 
Tn aTiimitn, when the water leaves the wheel radially. If the 
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water leaves with a velocity TTi in any other direction, the 
efficiency will be the same, but the power of the wheel will be 
diminished. If the discharge takes place down a suction tnbe, 
and there is no loss between the wheel and the outlet from the 
tube, the velocity head lost then depends upon the velocity X7t 
with which the water leaves the tnbe, and is independent of ihe 
velocity or direction with which the water leaves the wheeL 

The velocity of whirl at inlet and outlet. The component of 
U, Fig. 193, in the direction of v is the velocity of whirl at inlet, 
uid the component of Ui, Fig. 194, in the direction of Vi, is the 
velocity of whirl at exit. 

Let Y and Y, be the velocitieB of whirl at inlet and outlet 
respectively, then 

Y = U cos 6 


and Yi=TJiSini8=«jtani8. 

Worle done on the wheel. It has already been shown, 
section 173, page 275, that when water enters a wheel, rotating 
about a fixed centre, with a velocity U, and leaves it with volooiiy 
Ui, the component Y, of which is in the same direction as Vi, the 
work done on the wheel is 


I® 

9 


Y,«i 


per pound. 


and therefore, neglecting friction, 

Yv y.vi_tt n.* 
9 9 2<7 


( 1 ). 


This is a general formula for all classes of turbines and should 
be carefully considered by the student. 

Expressed trigonometrically, 

uUcoB^ ei«jtan/3 _TT Ui* 

9 9 2g ^2). 

If F is to the left of BK, Y, is negative. 

Again, since the radial flow at inlet must equal the radial flow 


at outlet, therefore 



AI7sin0= AilJiCosiS 

....(3). 

When Ui 

is radial, Y, is zero, and equals Vi tan a. 


Then 

Ye_„ «i* 

9 2g 

....(4), 

from which 

«UcOS5 -rr «i*tan*a 

XX ••••••••••■#( 

9 2g 

....(6), 

and from (8) 

AUsin^B AiVitana 
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If the tip of the vane is raidial at inlet, t.e. Yr is radial, 


and 


V=« 

9 9 2p' 


In actoal turbines 


"HiL 

29 


■rr Vi tan* a 

— 2r~ 

is from •02H to *07H. 


.( 7 ) 

( 8 ). 


Example. An outward ilow turbine wheel, Fig. 195. has an internal diameter of 
6*249 feet, and an external diameter of 6*25 feet, and it makes 250 revolutione per 
minute. The wheel has 82 Yanes, which may be taken as | inch thick at inlet and 
Ijt inches thick at outlet. The head is 141*5 feet abore the centre of the wheel and 
the exhanst tidies place into the atmosphere. The effective width of the wheel face 
at inlet and outlet is 10 inches. The quantity of water supplied per second is 
215 cubic feet. 

Neglecting all frictional losses, determine the angles of the tips of the vanes at 
inlet and outlet so that the water shall leave radially. 

The peripheral velocity at inlet is 

o = » X 5*249 X -^^=69 ft. per sec., 
and at outlet Oj3sirx6*25x Vi/^s82ft. m 



Fig. 195. 


The radial velocity of flow at inlet is 

215 

***’ w x 6*219 X iJ - }} X J 
s= 18*35 ft. per sec* 

The radial velocity of flow at exit is 

216 

xC-26xi}-f|xJ' 
ssl6'5 ft. per sec. 


^=4-23 ft. 


Therefore, 
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Then 

and 


141*6 

9 


Vi 


167 * 8714 . 

167*27 K 82-8 

69 


as64 fl. per eeo. 


To draw the triangle of vdooiiiee at inlet eet out v and u at right anglea. 

Then sinoe V ib 64, and is the tangential component of XT, and a is the radial 
oomponent of XT, the direction and magnitnde of XT is determined* 

JBy joining B and G the relative velocity Y, is obtained, and BO ie parallel to the 
tip of the vane. 

The triangle of vriocitiee at exit ia DEF, and the tip of the vane must be parallel 
to EF* 



Fig. 196. 


Fig. 197. 


> The angles and a can be calonlated; for 

tan tf=i||5=0-2e67, 

tan ^ss ^ = - 8*070 

o 

and tana=^=0-2012. 


and, therefore, 


6=16° 
0--lO5°14\ 
«=U° 23'. 


It will be seen later how these angles are modided when friction is eonsidered. 
Fig. 198 shows the form the guide blades and vanes of the wheel would 
probably take. 

The path of the water through the wheel. The average radial velocity throng 
the wheel may be taken as 17*35 feet. 

The time taken for a particle of water to get through the wheel is, therefore. 


B-r 

17*36 


0*6 

17*86 


*0268 sec. 


The angle turned through by the wheel in this time is 0*89 radians. 

Bet off the arc AB, Fig. 198, equal to *39 radian, and divide it into four equal 
parts, and draw the radii sa, /6, go and Bd. 

Divide AD also into four equal parts, and draw circles through A. , A., and A.. 

Suppose a particle of water to enter the wheel at A in contact with a vane 
suppose it to remain in contact with the vane during its passage ti^n^ wheeL 

Then, assuming the radial velocity is constant, while the wheel turns through the 
arc As the water will move radially a distance AA| and a particle that ca me on t0 
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the Tine «t k irU|» thereftnet be hi mtiet ^th the iraioe on the ire through A|. 
The Tine iuitiilly passing through A will be now in the position el, al being 
egttsl to hJ and the partide wall therefore be at 1« When the partlele aniTes on 
the axe through A^ the vane will ms throogh/, and the particle will eonseqnently 
be at % b2 being equal to mfip The ourre A4 drawn through A1 2 eto* gires the 
path of the water relative to the fiaed easing. 



185. Losses of head due to frictional and other resistances 
in outward flow turbines. 

The losses of head may be enumerated as follows : 

(a) Loss by friction at the sluice and in the penstock or 
supply pipe. 

If Vq is the velocity^ and the head lost by friction in 


the pipoi 



(&} As the water enters and moves through the guide 


passages there will be a loss due to friotion and by sudden changes 
in the velocity of flow. 

This head may be expressed as 


h being a coefficient. 


* Sea page 119. 
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(c) There is a loss of head at entrance due to shook as 
the direction of the vane at entrance cannot be determined 
with precision. 

This may be written 


Aa — fe 


II 


that is, it is made to depend upon Vr the relative velocity of the 
water, and the tip of the vane. 

(d) In the wheel there is a loss of head Aj, due to friction, 
which depends upon the relative velocity of the water and the 
wheel. This relative velocity may be changing, and on any small 
element of sui?ace of the wheel the head lost will diminish, as the 
relative velocity diminishes. 

It will be seen on reference to Figs. 193 and 194, that as the 
velocity of whirl Vi is diminished the relative velocity of flow Vr at 
exit increases, but the relative velocity Vr at inlet passes through 
a minimum when V is equal to -a, or the tip of the vane is radial. 
If Vo is the relative velocity of the water and the vane at any 
radius, and b is the width of the vane, and dl an element of 
length, then, 

^2 being a third coefficient. 

If there is any sudden change of velocity as the water passes 
through the wheel there will be a further loss, and if the turbine 
has a suction tube there may be also a small loss as the water 
enters the tube from the wheel. 

The whole loss of head in the penstock and guide passages may 
be called H/ and the loss in tho wheel A/, Thou if Uo is the 
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velocity 'mth which the water leaves the 
head is 


H- 


2g 


—hf—S./, 


turbine the efieoiave 


In well designed inward and outward flow turbines 


w 

29 


+ h/+ H/ 


varies from O’lOII to •2211 and the hydraulic eflicienoy is, therefore, 
from 90 to 78 per cent. 

The efliciency of inward and outward flow turbines including 
mechanical losses is from 75 to 83 por cent. 

Calling tho hydraulic efficiency e, the general formula (1), 
section 184, may now bo written 


Vv 

9 


g 

=•78 torn 


Outward flow turbines were mado by Boy don* about 1848 for 
which he claimed an efliciency of 88 per cent* The workmanship 
was of the highest quality and great oaro was taken to reduce 
all losses by friction and shock* The section of the crowns of the 
wheel of the Boyden turbine is shown in Fig. 199. Outside of 
the turbine wheel was fitted a ** diffuser” through which, after 
leaving the wheel, tho water moved radially mth a continuously 
diminishing velocity, and finally entered the tail race with a 
velocity much less, than if it had done so direct from the wheel. 
The loss by velocity head was thus diminished, and Boyden 
claimed that the diffuser increased the efficiency by 3 per cent. 


186. Some actual outward flow turbines. 

Double outward flow turhmes. Tho general arrangement of an 
outward flow turbine as installed at Chftvres is shown in Pig. 200. 
There are four wlieels fixed to a vertical shaft, two of which 
receive the water from bolow, and two from above. Tlie fall 
varies from 27 feet in dry weather to 14 feet in time of flood. 

Tlie upper wheels only work in timo of flood, while at other 
times tho full power is developed by the lower wheels alone, the 
cylindrical sluices which surround the upper wheels being set in 
such a position as to cover completely the exit to the wheel. 

The water after leaving the wheels, diminishes gradually in 
velocity, in the concrete passages leading to the tail race, and the 
loss of head duo to the velocity with which the water enters the 

* howell JdydrauUQ Ex^arinufotit J. B. Frauois, 1856. 
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toil race is oonaequentlv small. These passages serve tiiie wa™** 
pnrpose as Boyden’s dijEEaser, and as the enlarging snotion tabe^ 
la litat they allow the velocity of exit to diminish gradually. 



Fig, 200. Doable Oatward Flow Turbine. (Eeoher Wyie end Oo.) 


Outward flow turbine with Jwrieontal aais. Fig. 201 shows a 
section through the wheel, and the supply and exhanst pipes, of an 
outward flow turbine, having a horizontal axis and exhausting 
down a “suction pipe.” The water after leaving the wheel enters 
a large chamber, and then passes down the exhaust pipe, the 
lower end of which is below the tail race. 

The supply of water to the wheel is regulated by a horizontal 
cylindrical gate S, between the guide blades G and the wheel. The 
gate is connected to the ring B, which slides on guides, outside 
the supply pipe P, and is under the control of the governor. 

The pressure of the water in the supply pipe is prevented from 
causing end thrust on the shaft by the partition T, and botwoon 
T and the wheel the exhaust water has free access. 

Outward flow turhinea at Niagara FaMa. The first turbines 
instaUod at Niagara Falls for tho generation of electric power. 
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were oatward flow tarlnnes of the type shown in Figs. 202 and 
208. 

There are two wheels on the same yertical shaft, the water 
being brought to the chamber between the wheels by a vertical 
penstock 7' 6" diameter. The water passes upwards to one wheel 
and dowuwai'ds to the other. 



Fig 201. Outward Flow Turbine with Suotion Tube. 


As shown in Fig. 202 the water pressure in the chamber is 
prevented from acting on the lower wheel by the partition MN, 
but is allowed to act on the lower side of the upper wheel, the 
upper partition HE having holes in it to allow the water free access 
underneath the wheel. The weight of the vertical shaft, and of 
the wheels, is thus balanced, by the water pressure itself. 

The lower wheel is fixed to a solid shaft, wliioh passes through 
the centre of the upper wheel, and is connected to the hollow 
shaft of the upper wheel as shown diagrammatically in Fig. 202. 
Abovb this connection, the vertical shaft is formed of a hollow 
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tube 86 inohoB diameter, except wbere it passes throt^li the 
bearings, where it is solid, and 11 inches diameter. 

A thrust block is also provided to carry the unbalanced 
weight. 

The regulating sluice is external to the whceL To maintain a 
high efficiency at part gate, the wheel is divided into three separate 
compartments as in Fourneyrou’s wheel. 



Fig. 202. Diagrammiitio Bectinn of Oatward Flow TmUnc at Niagata Falla. 

A vertical section through the lower wheel is shown in Fig. 
203, and a part sectional plan of the wheel and guide blades in 
Fig. 195. 

(Further particulars of these turbines and a description of the 
governor will be found in Cassior’s Magazine, Vol, ill., and in 
Twrbinee Actuelle) Bdchetti, Paris 1001. 

187. Inward flow turbines. 

In an inward flow turbine the water is directed to the wheel 
through guide passages external to the wheel, ond after flowing 
radially finally leaves tho wheel in a direction parallel to the n-win 

Like tho oatward flow tui'bine it may work drowned or with a 
suction tube. 

The water oiUy acts upon tho blades during the radial 
movement. 
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As improved by Francis*, in 1849, the wheel was of the form 
i^own in Fig. 204 and was called by its inventor a "central vent 


wheel.” 



The wheel is carried on a vertical shaft, resting on a footstep, 
and supported by a collar bearing placed above the staging S. 

* Lowell Hydraulic Mx^eiifnents, F. B, Frauds^ 186& 
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Above tije vvlieel ia a heavy casHng 0, aapported by bdta 
from th® staging S, vrhieh acts as a guide for the oylindnosl 
dnice F, and oarries the bearing B for the shaft. There sore 
40 vanes in the wheel shown, and 40 fixed guide blades, the toemat 
ivriwg TTinJft of iron one quarter of an inch thick and the latter 
tihrde-'sikteeiitihs of an inohe 



Fig. 204. Franci<i' Inward flow or Central vent Turbina. 


The triangles of velocitieB at inlot and outlet, Fig. 205, are 
drawn, exactly as for the outward flow turbine, the only difference 
being tliat the velocities v, U, V, V. and » reter to the outer 
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peripliGry, and Vi, TJi, Vj, Vr and Ui to the inner periphery of the 
wheel. 

The work done on the wheel is 


Yv Y,v, 
9 9 

and neglecting friction, 


ft. lbs. per lb., 


9 9 2(7 • 

For maximum efficiency, for a given flow through the wheel, 
Ui should bo radial exactly as for the outward flow turbine. 



The student should work tho following example. 

The outer diameter of an inward flow turbine wheel is 7*70 feet, and the inner 
diameter O'B feet, the wheel makes 55 revolutions per minuta The head is 
14*8 teet, the velocity at inlet is 25 feet per see., and the radial velocity may be 
assumed constant and equal to 7*5 feet. Neglecting friction, draw the triangles of 
velocities at inlet and outlet, and Hnd the directions of the tips of the vanes at 
inlet and outlet so that thoie may bo no shook and tlie water may leaye radially. 


Loss of head hy friction, Tho losses of head by friction are 
similar to those for an outward flow turbiue (see page 313) and 
the general formula becomes 


Yv Yi% 
9 9 


= eU. 


When tho flow is radial at exit, 


Yv 

9 


- ell. 


Tho value of e varying as before between 0*78 and 0*90. 


Example (1). An inward flow turbine working under a head of 80 feet has 
radial blades at inlet, and discharges radlall;^. The angle the tip of the vane 
makes with the tangent to tho wheel at exit is 30 degrees and the radial velocity 
is constant. Tho ratio of the radii at inlet and outlet is 1*75. Find the velocity 
of the inlet circumference of the wheel. Neglect friction. 


U It. 
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8iBwtii0diMbMg«l>mdial, the Telocity at exit i« 

UiCBOitui 80” 

^ tan 80”. 

tea* 80” 


‘m' 


Then 


12.80-^ _ 

g 1-7S* 2g 


and Binoe the blades are radial at inlet Y is equal to v, 

taa*80® 


therefore 
hrom whi(di 


t;*=sjf. 80 - 


/32 


l-75« 
32ir80 


2 


0643 • 
49*3 ft. per seo. 



Example (2) The outer diameter of the wheel of an inward flow turbine of 
200 horse-power is 2*46 feet, the inner diameter is 1*963 feet. The wheel makes 
300 revolutions per minute. The eflective width of the wheel at inlet s 1* 15 feet. The 
head is 39*5 feet and 59 cubic feet of water per second are supplied. The radial 
vdooitjr with wMoh the water leaves t^ wheel may be taken as 10 feet per second. 

Determine the theoretical hydraulic cflioiency E and the actual effloienqy Sj of 
the turbine, and design suitable vanes. 

_ 200 x 550 _„Koi 

**“8S>Sx69x62-6~^ 

Theoretical hydraulic efficiency 

89-6-^* 

E 5SS^=9eV.. 


The radial vdocity of flow at inle^ 
59 
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•85H, 


Thb periphenl ydoci^ 

v»2-46. r X W»38*6 feet. 

7Ae velocity qf whirl V. Aflsaming a LydrauUo afftciency of 

tKft 

Vv 

s 

„ S9’5xSa-2x-8S 

81^5 

ss28»0 feet per Beo. 

The angle d. Sinoe u=s6‘7 ft. per sea and Vsx28*0 ft. per soo. 

tan8s^s0-2)9, 

8=13“ 27'. 

The angle 0. Sinoe V is less than v, 0 ie greater than 90*^. 

- S^V' - “ 54“ ■ ® 

and 0ssl62*^. 

For the water to dieoharge radially with a Telocity of 10 feet per seo. 

tan a= — ^ sO‘324, 

1*968 xwx 800 • 

and a = 18^ nearly. 


The theoretical yanee are shown in Fig. 206. 

Example (8). Find the values of 0 and a on the assumption that < is 0 80. 


ThomsorHs inward flow twrbim. In 1851 Professor James 
Thomson invented an inward flow turbine, the wheel of which 
was sorrounded by a large chamber set eccentrically to the wheel, 
as shown in Figs. 207 to 210. 

Between the wheel and the chamber is a parallel passage, in 
which are four guide blades G, pivoted on fixed centres 0 and 
which can be moved about the centres 0 by beU crank lovers, 
external to the casing, and coimeoted together by levers as shown 
in Pig. 207. The water is distributed to the wheel by those guide 
blades, and by turning the worm quadrant Q by means of the 
worm, the supply of water to the wheel, and thus the jiower of 
the turbine, can be varied. The advantage of this method of 
regulating the flow, is that there is no sudden enlargement from 
the guide passages to the wheel, and the efficiency at part load 
is not much less than at full load. 

Figs. 209 and 210 show an enlarged section and part sectional 
elevation of the turbine wheel, and one of the guide blades G. 
The details of the wheel and casing are made slightly different 
from those shown in Figs. 207 and 208 to illustrate alternativo 
methods. 

The sides or crowns of the wheel are tapered, so that the 
peripheral area of the wheel at the discharge is equal to the 
peripheral area at inlet. The radial velocities of flow at inlet 
and outlet are, therefore, equal. 


21~a 
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The inner radius r in Thomson’s turbine, and gonerally in 
turbines of this class made by Englii^ makers is ociual to oae*half 
the external radius B. 



The exhaust for the turbine ^own takes place down two 
suction tubes, but the turbine can easily be adapted to work below 
the tail water level. 

As will be soon from the drawing the vanes of tbo wheel are 
made alternately long and short, every other one only -continuing 
from the outer to the inner periphery. 
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The triangles of velocities for the inlet and outlet are shoTm in 
Fig. 211, the water leaving the wheel radially. 

The path of the water through the wheel, relative to the fixed 
casing, is also shown and was obtained by the method described 
on page 312. 

Inward flow turbines with adjustable guide blades, as made by 
the continental makers, have a much greater nmnl^r of guide 
blades (see Fig. 233, page 352). 



Fig. SOS. Section through wheel and easing of Thomson Inward Flow Turbine. 


188. Some actual Inward flow turbines. 

A later form of the Francis inward flow turbine as designed by 
Pictet and Co., and having a horizontal shaft, is shown m Fig. 212. 

The wheel is doable and is surrounded by a large chamber 
from which water flows through the guides G to the wheel W. 
After leaving the wheel, exhaust takes place down the two suction 
tubes S, thus allowing the turbine to be placed well above the 
tail water while utilising the full head. 

The regulating sluice F consists of a steel cylinder, which 
slides in a direction parallel to the axis between the wheel and 
gfuidos. 
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Fig. 209. Pig- 210. 

Detail ot wheel aBil guide blade of Thomeon Inward Flow Tnrhine. 



Fig. 3U. 
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The wheel is divided into five separate compartments, so that 
at any time only one can be partially closed, and loss of head by 
contraction and sadden enlargement of the stream, only takes 
place in this one compartment. 
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The fllaice F is moyed by two screws T, which slide through 
stuffing boxes B, and which can be controlled by hand op by the 
governor R. 

Iwuocvrd flow turhino for low falls aifid vartahle hsad. The 
turbine shown in Fig. 218 is an example of an inward flow turbine 
suitable to low falls and variable head. It has a vertical axis and 
works drowned. Tho wheel and the distributor surrounding the 
wheel are divided into five stages, the two upper stages being 
dmllower than the thi'ee lower ones, and all of which stages can 



Fig. 213. Inward Flow Turbine for a low and variable fall. (Pictet and Co.) 




TCRBINBS 829 

be openod or closed as required by tbe steel cylindrical sluice 00 
BTirroimding the distributor. 

When one of the stages is only partially closed by the sluice, 
a loss of efficiency must take place, bnt the efficiency of this one 
stage only is diminished, the stages that are still open working 
with their full efficiency. With this construction a high efficiency 
of the turbine is maintained for partial flow. With normal flows, 
and a head of about 6'25 feet, the three lower stages only are 
necessary to give full power, and the efficiency is then a 
maximum. In times of flood there is a large volume of water 
available, but the tail water rises so that tho head is only about 
4*9 feet, the two upper stages can then be brought into operation 
to accommodate a larger flow, and thus the same power may be 
obtained under a less head, ^e efficiency is less than when the 
three stages only are working, but as thero is plenty of water 
available, the loss of efficiency is not serious. 

Tho cylinder 0 is carried by four vertical spindles S, having 
racks B fixed to their upper ends. Geai-ing with those racks, are 
pinions p. Fig. 213, all of which are worked simultaneously by the 
regulator, or by hand. A bevel wheel fixed to the vertical shaft 
gears with a second bevel wheel on a horhsoutal shaft, the velocity 
ratio being 8 to 1. 

189. The best peripheral velocity for inward and outward 
flow turbines. 

When the discharge is radial, the general formula, as shown on 
page 315, is 

— = cH = 0*78 to 0*90H (1 ). 

9 

If the blades aro radial at inlet, for no shock, v should be equal 
to V, and 

®» = W-0*39 toO*45x2(7H, 
or « = V =0*624 to 0*67 

This is sometimes called the best velocity for v, but it should be 
clearly understood that it is only so when the blades ai'e radial at 
inlet. 

190. Experimental determination of the best peripheral 
velooity for inward and outward flow turbines. 

For an outward flow turbine, working under a head of 14 feet, 
with blades radial at inlet, Francis* found that when v was 

0*626 


* LowoUy BydravUc 
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the efficiency wm a maxinram and equal to 79*87 per oaot. llie 
efficient howe ver w aa over 78 per cent, for all valnea of « 
between 0*545 ^/2yH and *671 «/2pH. If 3 per cent, be allowed 
fin* the meohanical losses the hydranlio efficiency may be talcen 
as ^‘4 per cent. 

IVom the formnla — = *824H, and taking V equal to e, 

« = *64 */2gJl, 


BO that the result of the experiment agrees well with the formula. 

For an inward flow turbine having vanes as shown in Fig. 205, 
the total efficiency was o ver 7 9 per cent, for values of v between 
0*624 N/2gH and 0*708 ^/2gH, the greatest efficiency being 79*7 
per cent, when « was 0*708 *J2gS and again when v was 
•687 

It will be seen from Fig. 205 that although the tip of the vane 
at the convex side is nearly radial, the general direction of the 
vane at inlet is inclined at an anglo greater than 90 degrees to 
the direction of motion, and therefore for no shock Y should be 
less than «. 

When V was *708 V, Pig. 205, was less than v. The 

value of y was deduced from the following data, which is also 
useful as being taken from a turbine of very high efficiency. 

Diameter of wheel 9*338 feet. 

Width between the crowns at inlot 0'999 foot. 

There were 40 vanes in the wheel and an equal number of 
fixed guides external to the wheel. 

The minimum width of each guide passage was 0*1467 foot and 
the depth 1*0066 feet. 

The quantity of water supplied to the wheel per second was 
112*525 cubic foot, and the total fall of the water was 13*4 feet. 
The radial velocity of flow u was, therefore, 3*86 feet per second. 

The velocity through the minimum section of the guide passage 
was 19 feet por second. 

When tho efficiency was a maximum, v was 20*8 feet per sec. 
Then the radial velocity of flow at inlet to the wheel being 
8*86 feet, and TJ being taken as 19 feet per second, the triangle 
of velodtios at inlet is ABC, Fig. 205, and Y is 18*4 feet per seo. 

If it is assumed that the water leaves the wheel radially, then 

= ^ = 11*85 feet. 

9 

11*85 

The efficiency e should be = 88*5 per cent., which is 9 per 
cent, higher than the actual efficiency. » 
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The actual efBcienoy however includes not only the fluid losses 
but also the mechanical losses^ and these would probably be from 
2 to 8 per cent., and the actual work done by the turbine on the 
shaft is probably between 80 and 86*5 per cent, of the work done 
by the water. 


191. Value of e to be used in the formula 


Vv 




In general, it may be said that, in using the formula 


Yv 

9 


= eH, 


the value o£ 6 to be used in any given case is doubtful, as even 
though the efficiency of the class of turbines may be known, it is 
difficult to say exactly how much of the energy is lost mechanically 
and how much hydraulically. 

A, trial of a turbine without load, would be useless to deter- 
mino tho mechanical efficiency, as the hydraulic losses m such a 
trial would be very much larger than when tho turbine is working 
at full load. By revolviug the turbine without load by moans of 
an eleotric motor, or through the medium of a dynamometer, the 
work to overcome friction of bearings and other mechanical losses 
could be found. At all loads, from no load to full load, the 
frictional resistances of machines are fairly constant, and the 
mechanical losses for a given class of turbines, at the normal load 
for which the vane angles are calculated, could thus approximately 
be obtained. If, however, in making calculations the difference 
between the acitial and tho hydraulic efficiency be taken as, say, 
5 per cent., the error cannot be very great, as a variation of 6 per 
cent, in tho value assumed for the hydraulic efficiency e, will only 
make a differonco of a fow dogrees in tho calculated value of 
tho angle 

The best value for e, for inward flow turbines, is probably 0‘80, 
and exx)erienco shows that this value may be used with confidence. 


Example, Taki ng the data as given in the example of section 184, and asstuning 
an effioiouoy for the tuibine of 75 per cent., the horse-powor is 
215 X 62 4 X 141-5 X -76x80 


N=- 


Sd^OOO 


ss2600 horso-power. 

If the hydraulic oflicionoy is supposed to be 80 per cent., the vdooity of 
whirl Ik should be 

^_-8p.H_0-8.32.U16 

V “ 59 

s52 feet per see. 


Then 


* ^ 18-85 -18 86 

‘“♦=62::59="Tr‘- 


and 0=:182®47'. 

Now suppose the turbine to be stiU generating 2600 horse-power, and to have 
an effieieney of 60 per cent, and a l^draulio effioienoy of 86 per oent. 



382 


HYDIUULIOS 


Then the quantity of water required per second, is 

Qss?i5g5^J5sB200 cubic feet per see. 

and the radial velocity of flow at inlet will be 
18-35 x 200 


215 


ssl7*l ft. per see. 


V= 


«85. 82. 141*5 


:55‘4 ft. per see. 


Then 


tan 0 SB 


17*1 

55-4 >69 


-17*1 

18*6 


=128^.24'. 


192. The ratio of the veloolty of whirl ▼ to the vdooity 
of the inlet periphery v. 

Experience shows that, consistent with Yv satisfying the general 


formula, the ratio y may vary between very wide limits without 
considerably altering the efficiency of the turbine. 


Table XXXYII shows actual values of the ratio 




taken 


from a number of existing turbines, and also corresponding values 



Fig. ai4. 
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of 


V 


V being calonlated from 


Yv 

9 


= 0*8H. 


The corresponding 


variation in the angle <f>. Fig. 214, is from 20 to 150 degrees. 

For a given head, v may therefore vary within wide limits, 
which allows a very large variation in the angular velocity of the 
wheel to suit particular circumstances. 


TABLE XXXm 

Showing the heads, and the velocity of the receiving circum- 
ference V fur some existing inward and outward, and mixed flow 
turbines. 



ITfcot 

V feet 
per 8CC. 

'J2gli 

llatio 

V 

B 

Batio -r ■■ 
*j2g}i 

V being calculated 

fiom ^=*8H 

9 

Tntoardflow : 







Niagara Falls^ 

146 

70 

96-8 

0-72 

6000 

0-666 

Blioinfeldcn 

14’8 

22 

80-7 

0-71 

840 

0-666 

By Theodor ) 
Bell and Co. j 

28-4 

89 

42-6 

0-91 


0-44 


604 

82-2 

62 8 

0 52 


0-77 

Pictet and Co. 

183-7 

51-1 

76-8 

0-47 

800 

0-85 

If 

184-5 

40-6 

65-6 ! 

0-505 

800 

0-79 

If 

6*25 

16-0 

20 

0-83 


0-48 

11 

30 

25-75 

44 

0 58 i 

700 

0-69 

11 


38-5 

50 3 

0-77 

200 

0*52 

Ganz and Co. 

112 

64-8 

64-6 

0-54 


0-74 

11 

225 

64-7 

120 

0 54 

682 

0-58 

Hicter and Co. 

10-66 

15-2 

26 

0-585 

80 

0-69 

Outward flow : 







Niagara FaUs 

141-5 

69 

95-2 

0-726) 

5000 


Pictet and Co. 

180-5 

69 

91-6 

0-750) 

0-68 

Ganz and Co. 

95-1 

38-7 

78-0 

0-495 

290 

0-81 

fi 

223 

65-6 

120-0 

0-46 

1200 

0-87 

j 


* Escher Wysa and Co. 


For example^ if a turbine is required to drive alternators 
direct, tbe number of revolutions will probably be fixed by the 
alternators, while, as shown later, the diameter of the wheel is 
practically fixed by the quantity of water, which it is required to 
pass through the wheel, consistent with the peripheral velocity of 
the wheel, not being greater than 100 feet per second, unless, as 
in the turbine described on page 373, special precautions are 
taken. This latter condition may necessitate the placing of two 
or more wheels on one shaft. 
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Suppose theUf ibe number of revolutions of the wheel to be 
giveti and d is fixed, then « has a definite value, and T must bo 
made to satisfy the equation 

g 

Fig. 214 is drawn to illustrate three oases for which Yv is 
constant. The angles of the vanes at outlet are the same for all 
three^ but the guide angle 0 and the vane angle at inlet vary 
considerably. 

193. The velocity with which water leaves a turbine. 

In a. well-designed turbine the velocity with which the water 

leaves the turbine should be as small as possible, consistent with 
keeping the turbine wheel and the down-take within reasonable 
dimensions. 

In actual turbines the head lost due to this velocity head 
varies from 2 to 8 per cent. If a turbine is fitted with a 
suction pipe the water may be allowed to leave the wheel itself 
with a fairly high velocity and the discharge pipe can be made 
conical so as to allow the actual discharge velocity to be as small 
as desired. It should however be noted that if the water loaves 
the wheel with a high velocity it is more than probable that there 
will be some loss of head due to shock, as it is difficult to onsuro 
that water so discharged shall have its velocity changed gradually. 

194. Bernoulli’s equations applied to inward and outward 
flow turbines neglecting friction. 

Centrifugal head impressed on the water by the wheel. The 
theory of tho reaction turbines is boat considered from the point 
of view of Bemoulirs equations; but before proceeding to discuss 
them in detail, it is necessary to consider tho '' centrifugal head” 
impressed on the water by the wheel. 

This head has already been considered in connection with the 
Scotch turbine, page 303. 

Let r, Fig. 216, be the internal radius of a wheel, and B the 
external radius. 

At the internal circumference let the wheol be covered with a 
cylinder c so that there can be no flow through the wheel, and let 
it be supposed that the wheel is made to revolve at the angular 
velocity « which it has as a turbine, the wheel being full of water 
and surrounded by water at rest, the pressure outside the wheel 
being sufficient to prevent the water being whirled out of the 
wheol. Let d be the depth of the wheel between tho crowns. 
Consider any element of a ring of radius n and thickness and 
subtending a small angle ^ at the centre 0, Fig. 216. 
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Tho weight of the dement is 

wtq^ ,dr.d^ 

and tl^e centrifugal force acting on the element is 
wr^O .dr .d, <uVo 

Let p be the pressure per miit area on the inner face of the 

element and p + dp on the outer. 

rm o ^^0^ .dr.d. wVo 

Then 0p= — ^ 

g.nO.d 

-- ~ . ui^ndr. 

9 



The increase in the pressure, duo to centrifugal forces, between 
r and It is, therefore, 





(R>~r») 


and 


22= — (R«-r») 
w 2g^ 


2(7 


2g' 


For equilibrium, therefore, the pressure in the water surround- 
ing the wheel must bo p<,. 

If now the cylinder c be removed and water is alloAved to flow 
through the wheel, either inwards or outwards, this centrifugal 
head will always be impressed upon the water, whether the wheel 
is driven, by the water as a turbine, or by some external agency, 


and acts as a pump. 


Bernoulli's equation s. The student on first reading these 
equations will do well to confine his attention to the inward flow 
turbine, Fig. 217, and then read them through again, confining his 
attention to the outward flow turbine, Fig. 191. 
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Let p bo tbe pressuro at A, the inlet to the wheel, or in the 
clearance between the wheel and the guides, pi the pressure at 
the outlet B, Fig. 217, and Pa the atinoi^heric pressure, in pounds 
per square foot. Let H be the total head, and Ho the statical 
head at the centre of the wheel. The triangles of velocities are 
as shown in Figs. 218 and 219. 

Then at A 


Pa 


w w 2g 


.( 1 ). 


Between B and A tlio wheel impresses upon the water the 
centrifugal head 

2(7 2g^ 


V being greater than Vi for an inward flow turbine and loss for the 
outward flow. 



Consider now the total head relative to the wheel at A and B. 

y* ^ 

The velocity head at A is - 5 ^ and the pressure head is and 

^ w 

at B the velocity and pressure heads are ^ and ^ respectively. 

If no head were impressed on the water as it flows through 
the wheel, the pressure head plus the velocity head at A and B 
would be equal to each other. But between A and B there is 
improssod on the water the centrifugal head, and therefore, 

e\ • rk 
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l!hu egnation can be need to deduce the fundamental equation, 

cs. 


IVom the triangles CDE and ADE, Fig. 218, 

Vr*=(V “«)*+«* and V*+«*= XT’, 
and from the triangle 6FG, Fig 21d, 

Dr* = (Di - Vi)* + «i* and Vi* + Ml* = Ui*. 

Therefore by substitution in (2), 

Pi , fa- VQ* , t)* Di* Mi*_ P (V-d)* ^ «* fA) 

v> 2g 2g 2g^ 2^ w* 2g 2g 

From which 

Pi DiVi , Ui* ^ p ^ T? vY 

to g 2g w 2g g ' 

and 2 !Y_HjZi=E_£i+^_U.! ( 5 ). 

g g w w 2g 2g 


Substituting for ^ ^ from (1) 


dY PiYi 
9 ~ 9 




P« Pi Ui* 
V) w 2g 



Fig. 218. 


Fig. 219. 


Wheel tn auction tube. If the centre of the wheel is h« feet 
above the surface of the tail water, and U« is the velocity with 
which the water leaves the doAvn-pipe, then 

V) 2g * to 2p 

Substituting for ^ + ~ in (6), 

w £,g 

g g ^ w w 2g 


•=H- 


u n. 


83 
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HVinO, 

9 2sr 

The wheel can therefore take full advantage of the head H 
even though it is placed at some distance above the level of the 
tail water. 

Drowned wheel. If the level of the tail water is CD, Fig. 217, 
or the wheel is drowned, and hi is the depth of the centre of the 
wheel below the tail race level, 



+ 


22 


and the work done on the wheel per pound of water is again 

si - la. H 

9 9 2fif 

IfViisO, — = 

9 

From equation (5), 

== 2 _ 2l + ^ _ Vl 

g g w w 2g 2g * 

so that the work done on the wheel per pound is the difference 
between the pressure head plus tlio velocity head at entrance and 
the pressure head plus velocity head at exit. 

In an impulse turbine p and pi are equal, and the work done 
is then the change in the kinetic energy of tlie jet when it strikes 
and when it leaves the wheel. 

A special case arises when pi is equal to 2’- this case a 
considerable clearance may bo allowed between the wheel and the 
fixed guide without danger of leakage. 

Equation (2), for this case, becomes 

2g 2g 2g 2g * 

and if at exit Vr is made equal to Vi, or the triangle BFG, 
Fig. 219, is isosceles, 

Yr*- 

2g ^ 2p’ 


and the triangle of velocities at entrance is also isosceles. 
The pressure head at entrance is 



Uf 

2ff- 


and at exit is either 


^- + h, or 
w to 
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Therefore, sinoe the pleasures at entrance and exit ore equal, 

orelne + 

The water then enters the wheel with a velocity equal to that 
due to the total head H| and the turbine becomes a free-deviation 
or impulse turbine. 


196. Bernoulli’s equations for the Inward and outward 
flow turbines including friction. 

If H/ is the loss of head in the penstock and guide passages, 
hf the loss of head in the wheel, hg the loss at exit from the wheel 
and in the suction pipe, and TTi the velocity of exhaust, 



£ + ^* = Ho + ^-Hr 

w 2g w ^ 

(1), 


&+!!!: + 4 . V:*_7. 

to 2g 2g 2g w 2g ^ 

(2), 

and 

0 

+ 

w w 

(3), 

from which 



(4). 


If the losses can bo expressed as a fraction of H, or equal to KH, 
then 


^=(l-K)H = en 

^ =0-78H to O-OOn*. 


196. Turbine to develop a given horse-power. 

Let H be the total head in feet under which the turbine works. 

Lot n be the number of revolutions of tho wheel per minute. 

Let Q bo tho number of cubic feet of water per second required 
by tho turbine. 

Lot E be the theoretical hydraulic efficiency. 

Let 6 be the hydraulic efficiency. 

Let Cm bo the mechanical efficiency. 

Let Si be the actual efficiency including mechanical losses. 

Let Ui be tho radial velocity with which the water loaves the 
wheel. 

Let D be the diameter of the wheel in feet at tho inlet circum- 
ference and d the diameter at the outlet circumforence. 

liot B bo the width of the wheel in foot between the crowns 
at the inlet circumference, and h be the width between the crowns 
at the outlet circumference. 

Let N be the horse-power of the turbine. 

* Bee page 816. 


22—3 
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IHie nomber of oubio feet per aecond roqiurod is 

o.JLMPO m 

^ e,H,62-4.G0 

A reasonable yalne for ei is 75 per cent. 

The relooiiy Ut 'with which the water leavos the turbine, sinca 


H- 


B = - 




is Uo = J2g (1 — E) H f fc. per soo (2). 

If it be assumed that this is equal to Ui^ which would of 
necessity be the case when the turbine works drowned, or 
exhausts into the air, then, if f is the peripheral thickness of the 
vanes at outlet and m the number oi vanes, 

Q. 

If Uo is not equal to ihj then 

ivd-mi)vah-Q (3). 

The number of vanes m and the thickness t are somewhat 
arbitrary, but in well-designed turbines t is mado as small as 
possible. 

As a first approximation mt may be taken as zero and (3) 
becomes 

rrdhui-Q (4). 

For an inward flow turbine tho diameter d is fixed from 
consideration of the velocity with which the water leaves the 
wheel in an axial direction. 

If the water loaves at both sides of the wheel as in Fig. 208, 
and the diameter of the shaft is <2o, the axial velocity is 


Uo- 



Jl 


ft. per see. 


The diameter do can generally bo given an arbitrary value, or 
for a first approximation to d it may be neglected, and Uo may be 
taken as equal to Then 

®- 

From (4) and (5) b and d can now be deionnined. 

A ratio for ^ Having been decided upon, D can be calcnlated, 

and if tHe radial velocity at inlet is to be tbo same as at outlet, 
and U is the thiokness of the vanes at inlet, 

(wD - mU) B = P = (wd - m£) b 


( 6 ). 
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For railed Ijraas or iwouglit steel blades, U may be yery small, 
aod for blades cast with the wheel, by sliaping them as in Fig. 227, 
i, is practically zero. Then 

" imD* 

If now the number of rovolntions is fixed by any special 
condition, such as having to drive an alternator direct, at some' 
definite speed, the peripheral velocity is 

ij. /n\ 

« = ft. per sec (7). 


Then p 

and if « is given a valae, say SO per cent., 

V = ft. per sec (8). 

Since u, Y, and v are known, the triangle of velocities at inlet 
can be drawn and the direction of flow and of the tip of vanes 
at inlet dutormiued. Or 0 and Fig. 214, can be calonlatod from 

(9) 




Then Q, the velocity of flow at inlet, is 
U = V see 0, 


At exit 


vdn r, 

ft. per SCO., 


and taking as radial and ccxual to u, tho triangle of velocities 
can bo drawn, or a calculated from 


. u 
tan a == — . 

Vi 


If Ho is tho head of water at the centre of tho wheel and H/ tho 
head lost by friction in the supply pipe and guide passages, the 
pressure Load at the inlet is 


BmvipU* An inward flow turbine is required to develop 300 hom-power under 
a head 60 W, and to run at 350 levolutions per minute. 

To determine the leading dimensions of the turbine. 

Assuming to be 75 per cent., 

^ 800 x 83,000 

^*'76 x 60x'6a-4x60 
aBi58*7 ottbio feet per soo. 
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Assnmiog B is 95 per cent., or five per cent, of the head is lost by velocity 
of exit and v^=u, 

-=• 06.60 

and u= 13*8 feet per sec. 

Then from (5), page 340, 

=1*65 fuel, 

say 20 inches to make allowance for shaft and to keep even dimension. 

Then from (4), b = = *82 foot 


- =9} inches say. 

Taking ^ as 1*8, D=8*0 feet, and 

0 = IT . 3 . W = 39*3 feet per sec., 
and B=5i inohes say. 

AsBoming e to be 80 per cent., 

^ *80 X 60 X 82 

V= 39.3^ =39 *0 ft. per see. 

* ^ 13*8 

tan5 = -5jr-. 


and 

. ^ 18-8 

and 

0=9X°15'. 

^ 13 8x1*8 

tan a - , 

and 

a = 32n8'. 


Fig. 220. Propeller type 
of wheel of Modem 
Parallel Flow Tnrbine 
or Centrifugal Pump. 
High Specific Speed. 


The velocity U at inlet is C =>^39*0^4 (13*8)^ =41*3 ft. per sec. 

The absolute pressure head at the inlet to the wheel is 
n V 41*3^ 

“=Ho+^ — friction in the down pipe 
= Hj) + 34 — 26 5 — hf. 

The pressure head at the outlet of the wheel will depend upon the height of the 
wheel above or below the tail water. 


197. Parallel or asdal flow turbines. 

Fig. 221 shows a double compartment axial flow turbine, tho 
guide blades being placed above the wheel and the flow through 
the wheel being parallel to the axis. The circumferential section 
of the vanes at any radius when turned into the plane of the 
paper is as shown in Fig. 222. A plan of the wheel is also shown. 
One vane of a propeller for a modern type of parallel flow turbine 
is shown in Fig. 220. 

The triangles of velocities for the parallel flow turbine at inlet 
and outlet for any radius are similar to those for inward and out- 
ward flow turbines, the velocities v and u,. Fig. 223, being equal. 
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The general formula now 'becomes 

9 29 

For maximum efficiency for a given flow, tlie water diould 
leave the wheel in a direction parallel to the axis, so that it has 
no momentum in the direction of v. 
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Dite T^oeity v will bd proportional to the radim, so th«fe if the 
water is to enter and leave the whed -withont ahook, the anglee 
4, and « most vary with the radios. 

The variation in the form of the vane with the radios is diown 
by an example. 

A Jonval wheel has an internal diameter of 5 feet and an 
external diameter of 8' 6". The depth of the wheel is 7 inches. 
The head is 15 feet and the wheel makes 55 revolntions per 
minote. The flow is 800 oobic feet per second. 

To find the horse-power of the wheels and to design the whed 
vanes. 

Let Vi be any radios, and r and r* the radii of the wheel at the 
iimer and ooter ciroomference respectively. Then 

r = 2'5 feet and v = 2mr 14 = 14*4 feet per sec., 
ri =- 3‘75 feet and Vi = 2irri |4 = 21*5 feet per sec., 
r» = 4*25 feet and v» = 2«Ti |§ = 24*5 feet per sec. 

The moan axial velocity is 

^ U.tKt4. 



Fig. 224. Triangles of velocities at inlet and outlet at three different 
radii of a Parallel Flow Turbine. 


Taking e as 0*80 at eacli radius, 


^_0'8.32*2.15 
^ ‘ 14-4 


^-207 ft. per sec., 


Vi = = 17’9 ft. per sec., 

Qoe 

V* = 24^ ~ l®"*^ P®** 8®®* 


IncMnation of the vanes at inlet. The triangles of velocities 
for the three radii r, n, r, are shown in Fig. 224 For examine, 
at radius r, ADC is the triangle of velocities at inlet and ABO ti>e 
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triftagle of volodl^es at oatlot. The inoHnatioiis of the vanes at 
inlet are found from 

which ^ = 83*30', 

= 113*50, 

8*15 * 

tan i>t =• 15 - 7 1 . <^- 5 » which ^ = 137* 6 '. 

The incUnation of the guide Hade at each of the three radii. 

^ c 8-15 

from which 6 = 17*, 

tanfl, = ji^^.g and 01 = 24*30', 

tani>,= ~ and 0, = 27*8O'. 

The inclinaiio'ii of the vanes at exit 

tan« = ®2-4“29*36', 

tan ai = *^^ 5 --20*48', 

tan«i=^ = 18 ‘ 22 '. 

If now the lower tips of tho guide blades and the upper tips 
of the wheel vanos are made radial as in the plan, Fig. 221, the 
inclination of the guide blade will have to vary from 17 to 
27J degrees or else there will be loss by shock. To get over this 
difficulty the upper edge only of each guide blade may bo made 
radial, the lower edge of the guide blade and the upper edge of 
each vane, instead of being radial, being made parallel to the 
upper edge of the guide. In Fig. 225 let r and B be the radii 
of the inner and outer crowns of the wheel and also of the guide 
blades. Let MN be the plan of tho upper edge of a guide blade 
and let DO* be the plan of the lower edge, DO- being parallel to 
MNv Then as the water runs along the guide at D, it will leave 
the guide in a direction perpendicular to OD. At G it will leave 
in a direction HG perpendicular to OG. Now suppose the guide 
at the edge DG to have an inclination ^ to the plane of the paper. 
If then a section of tho guide is taken by a vertical plane XX 
perpendicular to DG, the elevation of the tip of the vane on this 
plane will be AL^ inclined at /3 to the hcrizontal line AB, and AC 
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will be the intersection of the plane XX with the plane tangent 
to the tip of the yane. 

Now suppose DE and 611 to be the projections on the plane 
of the paper of two lines lying on the tangent plane AG and 
perpendicular to Ot) and 06 respectively. Draw EP and HK 
perpendicular to DE and QH respectively, and make each of 
them equal to BC. Then the angle EDF is the inclination of the 
stream line at D to the piano of the paper, and the angle H6K is 
the inclination of the stream lino at 6 to the plane of the paper. 
Those should bo equal to d’and 0». 



Fig. 225. PUn of gnido blades and vanes of Parallel Flow Turbines. 


Lot y be the perpendicular distance between MN and DQ. 
Let the angles 60D and 6011 be denoted by ^ an a respectively. 
Since EF, BC and HE are equal. 


ED tan ^ = y tan ^ 

(1). 

and 

GH tan = y tan ^ 

(2). 

But 

= cos (a + ^), 


and 

g*;j = cosa. 


Therefore 

tan B = cos (« + tan 13 

(3), 

and 

tan ^ 2 = COS a tan jS 

(4). 

Again, 

• V 

sina-g 

(S). 


There are thus three equations from which a, and P can be 
determined. 

Lot X and y be the coordinates of the point D, O being the 
intersection of the axes. 
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Them 

C 08 («+^)-‘^, 

and from (5) 

cos OE ~ 1 "" • 


Substituting for cos (a + and cor a and the Tcnown values of 
tan 0 and tan in the tl^oe equations (3 — ^5), three equations aro 
obtained with a?, and 13 as the unknowns. 

Solving simultaneously 

X = ri4 feet, 
y = 2*23 feet, 

and tan 13 - 0*67, 

from which /3 - 34*. 



/ 



The length of the guide blade is thus found, and the constant 
slope at the edge DG- so that the stream lines at D and Q shall 
have the correct inclination. 

If now the upper edge of the vane is just below DG, and the 
tips of the vane at D and G are made as in Figs. 226 — 228, ^ and 
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^ heoDg 88* 8(y Mid 187* 6* tespeotirely, tho water will rtuwo on to 
the TOue without shook. 

The plane o£ tho lower edge of the vane may now be taken as 
jy(y. Fig. 225, and the oirotilar sections DD', PQ, and GKJ' at the 
three radii, r, r,, and rj are then as in Figs. 2^ — ^228. 

198. Begnlation of the flow to parallel flow turbines. 

To regulate the flow through a parallel flow turbine, Fontaine 
placed sluices in the guide passages, as in Fig. 229, connected to 
a ring which could be raised or lowered by three vertical rods 
having nuts at tho upper ends fixed to toothed pinions. When 



Fig. 380. Adjantable gaid« blades for Parallel Flow Turbine. 

the sluices required adjustment, the nuts wore revolved together 
by a central toothed wheel gearing with the toothed pinions 
carrying the nuts. Fontaine fixed the turbine wheel to a hollow 
shaft which was carried on a footstep above the turbine. In some 
modem parallel flow turbines the guide blades are pivoted, as in 
Fig. 230, so that the flow can be regulated. The wheel may be 
made with the crowns opening outwards, in section, similar to 
the Chrard turbine shown in Fig. 254, so that tho axial veloci^ 
with which the water leaves tho wheel may be small. 

The axial flow turbine is well adapted to low fulls with variable 
head, and may be made in several compartments as in Fig. 220. 
In t^ example, only tho inner ring is provided with gates. In 
dry weather flow the head is about 8 feet and the gates of the 
inner ring con be almost closed as the outer ring wUl give the full 
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power. During times of flood, and wlien tliere is plenty of water, 
the head &lla to 2 feet, and the sluices of tho inner ring are 
opened. A larger supply of water at less head can thus be 
allowed to pass through the wheel, and although, due to the shock 
in the guide passages of the inner ring, the wheel is not so efficient, 
the abundance of water renders this unimportant. 

Sxample. A double ooxupaitment Joaval turbine has an outer diameter of 
IS' 6" and an inner diameter of 6 feet. 

The radial vid^ of the inner oompartment is V 9" and of the outer oompart- 
ment 1' 6". Allowing a Tolooity of flow of 8*25 ft. per second and eappoeing the 
minimum fall is 1' S'', and the number of revolutions per minute 14, find the horse- 
power of the wheel when all the guide passa^s aie open, and find what portion of 
the inner compartment must be shut ofl so that the horse-power aligli 1^ the 
under a head of 8 feet. Efficiency 70 per cent. 

Neglecting the thickness of the blades, 

the area of the outer comportments^ (12*5* -9*6^ =52 *6 sq. feet. 


„ „ inner „ =^1 (9*6*- 6>)a4a'6 B4. feet. 

Total arca=95*4 sq. feet 

The weight of water passing through the wheel in 

W =95*4 X 62-4 X 3-25 lbs. per sec. 

=19,800 lbs. per sec. 

and the horse-power is 

„^_19,800x 1-66 x 0-7 ... 

HP — :.40-8. 

Assuming the velocity of flow constant the area required when the head 
is 8 feet is 

. 40 8 x 38 000^ 

^*60 x 62-5x3'>c-7 
=55*6 sq. feet, 

or the outer wheel wDl nearly develop the horse-power required. 


199. Bernoulli’s equations for axial flow turbines. 

The Bomoulli’s equations for an axial flow turbine can be 
written down in exactly the same way as for the inward and 
outward flow turbinos, page 335, except that for the axial flow 
turbine there is no centrifugal head impressed on the water 
between inlet and outlet. 


w 


Then, 

from which, since v is equal to t;,, 


- 2g w 2g 


p Y*-2Y« + y* , «* Pi d*-2Yi«+Vi* .< .% , 


mpareknee 


£ + Y*_Z»+ ^ 

w 2g 9 2g 


w 2g* 


2g 


VjV 

9 


+ hf, 


aaad 


y® „ Ij® « r + ?! - Hl « £i - A, 

g g V 29 2g v) 
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Batin Kg. 220, ^ + 


a=^+/i.. 

to to 


Therefow*, 

If TTi is axial and equal to tt, as in Fig. 223, 


200. Mized flow turbines. 

By a modification of the shape of the vanoa of an inward flow 
turbine, the mixed flow turbine is obtained. In the inward and 
outward flow turbine the water only acts upon the who<*l while it 
is moving in a radial direction, but in the mixed flow turbine the 
vanes are so foraicd that the water acts upon them also, while 
flowing axially. 



Fig. 281. Ml led Flow Turbine. 


Fig. 231 shows a diagrammatic section through the wheel of 
a mixed flow turbine, the axis of which is vertical. The water 
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enters the wheel in a horizontal direction and leaves it vertically, 
but it loaves tlio discharging edge of the vanes in different 
directions. At the upper part B it leaves the vanes nearly 
radially, and at the lower part A, axially. The vanes are spoon- 
shaped, as shown in Fig. 232, and should be so formed, or in other 
words, the inclination of the discharging edge shoidd so vary, 
that wherever the water leaves the vanes it should do so with no 
component in a direction perpendicular to the axis of the turbine, 
i.e, with no velocity of whirl. The regulation of the supply to 
the wheel in the turbine of Fig. 231 is effected by a cylindrical 
simoe or speed gate between the fixed guide blades and the wheel. 



Fig. 232. Whcwl of Mixed Flow Turbine. 


Fig. 233 shows a section through the wheel and casing of a 
double mixed flow turbine having adjustable guide blades to 
regulate the flow. Fig. 234 shows a half longitudinal section of 
the turbine, and Fig. 235 an outside elevation of the guide blade 
regulating gear. The guide blades are surrounded by a large 
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TOrt^x cliaisibar^ and tlifi outer tips of tlie guide blades we d 
Twiable slmpes* Pig. 2^, so as to diminish shock at the entrance 
to the guide passages. Each guide blade is really made in tw 
parts, one of which is made to revolve about the centre 0, while 
t hft outer tip is fixed. The moveable parts are made so that the 
flow can be varied from zero to its maximum value. It will be 



Fig. 233. Seetion througli wheel and gtiide blades of Mixed Flow Tuibina 


noticed that the mechanism for moving the guide blades is 
entirely external to the turbine, and is consequently out of the 
water. A further special feature is that between the ring B 
and each of the guide blade cranks is interposed a spiral spring. 
In the event of a solid body becoming wedged between two of 
the guide blades, and thus locking one of them, the adjustment of 
the other guide blades is not interfered with, as the spring con- 
nected to the locked blade by its elongation will allow the zing 
to rotate. As with the inward and outward flow turbine, the 
mixed flow turbine wheel may either work drowned, or exhaust 
into a “suction tube.” Figs. 233a and 233b shown wheel of 
somewhat special form in order to obtain a high speed for a given 
head and a large quantity of flow. 
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iS’or « give^ flow, and width of wheels the axial reloeity 
with which the water finall7 flows away frW the wheel being the 
Mine for the two oases, the diameter of a mixed flow turbine can 
be made less than an inward flow turbine. As shown on page 840, 
the diameter of the inwai’d flow turbine is in large measure fixefl 
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Xlg. tt4. HalMongltadiiiftl aeotlon of Mixed Flow Turblaa 

*by the diameter of the exhaust openings of the wheel. For the 
same axml volooity, and the same total flow, whether the turbine 
is an inward or mixed flow turbine, the diameter d of the erhaus t 
openings must be about equal. The external diameter, therefore, 
of the latter will be much smallor than for the former, and the 
UB. 93 
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general dimensions of tibe turbine will be also diminisbodL For 
a given bead H, tbe velocity v of the inlet edge being the same in 
tbe two cases, tbe mixed flow turbine can be run at a higher 
angular velocity, which is sometimes an advantage in driving 
dynamos. 
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jPorw of the vanes. At the receiving edge, the direction of the 
blade is found in the same way as for an inward flow turbine. 

ABC, Fig. 236, is the triangle of velocities, and BC is parallel 
to the tip of the blade. This triangle has been drawn for the data 
of the tuihine shown in Figs. 238—235; v is 46*5 feet per second, 
and from 



Y » 83*5 feet per second. 
Tlio anglo ^ is 130 degrees. 



The best form for the vane at the discharge is somewhat 
difficult to determine, as the exact direction of flow at any point 
on the discharging edge of the vane is not easily found. The 
condition to be satisfied is that the water must leave the wheel 
without any component in the direction of motion. 

The following construction gives approximately the form of 
the vane. 

Make a section through the wheel as in Fig. 237. Tlie outline 
of the discharge edge FGH is shown. This edge of the vane is 
supposed to be on a radial plane, and the plan of it is, therefore, 
a radius of the wheel, and upon this radius the section is taken. 

It is now necessary to draw the form of the stream lines, as 
they would be approximately, if the water entered the wheel 
radially and flowed out axially, the vanes being removed. 

Divide 04, Fig. 237, at the inlet, into any number of equal 
parts, say four, and subdivide by the points a, 6, d, e. 

Take any point A, not far from c, as centre, and describe 
a circle MMi touching the crowns of the wheel at M and Mi. 
Join AM and AMi. 

Draw a flat curve MiMi touching the lines AM and AMi in M 
and Ml respectively, and as near as can be estimated, perpendicular 

23—3 
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to the prohftble stream lines through a, h, d, e, which can he 
sketched in. ^^rozimately for a short fiance from 04. 

T ybiTig tViia curve MMx as approximately perpendicular to the 
stream lines, two points/ and g near the centres of AM and AM^ 
are taken. 



If any point Ci on MHi is now taken not far from A, the 
peripheral area of Moi is nearly 2nrMci, and the peripheral area 
of Ml Cl is nearly 2irriMiCi. 

On the assumption that the mean velocity through MiM is 
constant, the flow through Mci will be equal to that through 
MiCi, when, 

Mci.raMiCi.ri. 
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H, therefote, HMi is divided at the pcnnt ci so that 

r 

Ma “ri* 

the point Oi will approximately be on the stream line through «. 

H now when the stream line eci u carefully drawn in, it is 
perpendicular to MMi, the poijpt Ci cannot be much in error. 

A nearer approximation to e, can be found by taking new valaes 
for r and fi, obtained by moving the points f and g bo that they 
more nearly coincide with the centres of CiM and ciMi. If the 
two curves are not perpendicular, the curve MMi and the point Oi 
are not quite correct, and new values of r and fi will have to be 
obtained by moving the points f and g. By approximation Oi can 
be thus found with considerable accuracy. 

By drawing otlxor circles to touch the crown of the wheels, the 
curves M1M3, M4Mg etc. normal to the stream lines, and the points 
Cl, Ct, etc. on the centre stream line, can be obtained. 

Oiie curve 22, therefore, divides the stream lines into equal 
parts. 

Proceeding in a similar manner, the curves 11 and 33 can be 
obtained, dividing the stream lines into four equal parts, and 
these again subdivided by the carves aa, bh, dd, and ee, which 
intersect the outlet edge of the vane at the points F, G, H and e 
respectively. 

To determine the direction of the tip of the vane at points on the 
discharging edge. At the points F, G, G, the directions of the 
stream linos are known, and the velocities Ug, ua, Uh can be found, 
since the flows through 01, 12, etc. are equal, and therefore 

ttjTUqt » UaBamn = W hBjWV = ^ . 

Draw a tangent FK to the sti'oam line at F. This is the inter- 
section, with tho plane of the paper, of a plane perpendicular to 
the paper and tangent to the stream line at F. 

The point F in tho plane of FK is moving perpendicular to the 
plane of the paper with a velocity equal to o>.B», <» being the 
angular velocity of the wheel, and It« the radius of the point F. 

If a circle bo struck on this plane with K as centre, this circle 
may bo taken as an imaginary discharge circumference of an 
inward flow turbine, the velocity v of which is wRo, and the tip of 
the blade is to have such an inclination, that the water shall 
discliarge radially, ».e. along FK, with a velocity ug. Taming this 
circle into tho plane of the paper and drawing the triangle of 
velocities FST, the inolinution aw of the tip of ^e blade at F in 
the plane FK is obtained. 
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At G tlte stream line is nearly rertical, bat wR* can be sot oat 
in the plane of the paper, as before, perpondicalar to ug and the 
inclination Og, on this plane, is found. 

At H, aa is found in the same way, and the direction of the 
▼ane, in definite planes, at other points on its outlet edge, can be 
similarly found. 




Secitom of (ho vam hy >plarm OOh, and OiEd, These are 
shown in Figs. 238 and 239, and are determined as follows. 

Imagine a vertical plane tangent to the tip of the vane at 
inlet. The angle this plane makes with the tangent to the wheel 
at 6 is the angle Fig. 23C. Let BO of the same figure be the 
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plan of a horizontal line lying in this plane, and BD the plan of 
the radius of the wheel at 6* The angle between these lines is y. 

Let be the inclination of the plane 0Gr5 to the horizontal. 

From D, Pig. 236, set out DB, inclined to BD at an angle iff, 
and intersecting AB produced in E; with D as centre and DB 
as radius draw the arc EGr intersecting DB produced in Gr. 
Join CG. 

The angle OGD is the angle yi, which the line of intersection, 
of the plane OG&, Fig. 237, with the plane tangent to the inlet tip 
of the vane, makes with the radius 05; and the angle CGF is 
the angle on the plane 0GB which the tangent to the vane 
makes with the direction of motion of the inlet edge of the 
vane. 

In Fig. 238 the inclination of the inlot tip of the blade is yi as 
shown. 

To determine the angle a at the outlet edge, resolve Fig. 
237, along and perpendicular to OG, being the component 
along OG. 

Draw the triangle of velocities DBF, Fig. 238. 

The tangent to the vane at D is parallel to FB. 

In the same way, the section on the plane Hd, Fig. 237, may bo 
determined; the inclination at the inlot is y 2 , Fig. 239. 

Mixed flow turbiTie worlcwg in open stream. A double turbine 
working in open stream and discharging through a suction tube 
is shown in Fig. 240. This is a convenient airangement for 
moderately low falls. Turbines, of this clabs, of 1600 horse- 
power, having four wheels on the same shaft and working under 
a head of 25 feet, and making 150 revolutions per minute, have 
recently been installed by Messi’s Escher AVyss at Wangen an der 
Aaro in Switzerlnnd. 

201. Cone turbine. 

Another typo of inward flow turbine, which is partly axial and 
partly radial, is shown in Fig. 241, and is known as the cone 
turbine. It has been designed by Messrs Escher Wyss to meet 
the demand for a turbine that can bo adapted to variable flows. 

The example shown has been erected at Gusset near Lyons and 
makes 120 revolutions per minute. 

The wheel is divided into three distinct compartments, the 
supply of water being regulated by three cylindrical sluices S, Si 
and S 2 . The sluices S and Ri are each moved by three vortical 
spindles such as A and Ai which carry racks at their upper ends. 
These two sluices move in opposite Erections and thus balance 
eacH other. The sluice Sa is normally out of action, the upper 
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oonpariiment being oloeed. At low beads this upper oompartment 
is ^owed to come into operation. The slnioe St oarries a rack 
which engages with a pinion P, connected to the vertical shaft T. 
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Fis 240. 

The shaft T is tamed by hand by moans of a worm Mid 
wheel W. When it is desired to raise the sluice S*, it is revolved 
by means of the pinion P until the arms F come between collars 
D and E on the spindles carrying the sluice Si, and the sluice St 
then rises and falls with Si. The pinion, gearing mth racks on A 
and Ai, is fixed to the shaft M, which is rotated by the rack B 
gearing with the bevel pinion Q. The rack B is rotated by two 
connecting rods, one of which 0 is shown, and which are under 
the control of the hydraubo governor as described on page 380, 
The wheel shaft can be adjusted by nuts working on the 
square-threaded screw shown, and is carried on a special collar 
bearing supported by the bracket B. The weight of the shaft is 
partly balanced by the water-pressure piston which has acting 
underneath it a pressure per unit area equal to that in the supply 
chamber. The dimensions shown are in nulluneties. 
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Fig. 841. Oone Turbine. 
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202. Bflbot of changing the direction of the guide bladCi 
when altering the flow of inward flow and mixed flow 
turbines. 

Afl long as the velocity of a wheel remains constant, the 
backward head impressed on the water by the wheel is the same, 
and the pressure head, at the inlet to the wheel, will remain 
practically constant as the guides are moved. The velocity of 
flow TJ, through the guides, will, therefore, remain constant; 
but as the angle which the guide makes with the tangent to the 
wheel, diminishes the radial component u, of IT, diminishes. 



Let ATIC, Fig 242, be the triangle of velocities for full opening, 
and suppose the inclination of the tip of the blade is made parallel 
to BO. On turning the guides into the dotted position, the incli- 
nation being 0i, the triangle of velocities is ABCi, and the relative 
velocity of the water and the periphery of the wheel is now BOi 
which is inclined to the vane, and there is, consequently, loss due 
to shock. 

It will be seen that in the dotted position the tips of the guido 
blades are some distance from the periphery of the wheel and it is 
probable that the stream lines on leaving the guide blades follow 
the dotted curves SS, and if so, tho inclination of these stream 
lines to the tangent to tho wheel will be actually greater than ^'i, 
and BOi will then be more nearly parallel to BO. ITie loss may 
be approximated to as follows; 

Aj 3 tho water enters the wheel its radial component will remain 
unaltered, but its direction will be suddenly changed from BCi to 
BG, and its magnitude to BC2i C1C9 is drawn parallel to AB. 
A velocity equal to CiOa has therefore to bo suddenly impressed on 
the water. 

On page 68 it has been shown that on certain assumptions the 
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head lost when the velocity of a sti^eam is suddenly changed 
from Vi to Vm is 

29 ^ 

that is, it is equal to the head due to the relative velocity of 
Vi and Vi, 

But OiOa is the relative velocity of BGi and BOa, and therefor© 
the head lost at inlet may be taken as 

fe(aCa)* 

2g ^ 

h being a coefficient which may be taken as approximately unity. 

203. Effect of diminishing the flow through turbines on 
the velocity of exit. 

If water leaves a wheel radially when the flow is a maximum, 
it will not do so for any other flow. 

Tho angle of the tip of the blade at exit is unalterable, and if 
u and tbo are the radial velocities of flow, at full and part load 
respectively, the triangles of velocity are 1)EF and DEPx, Fig. 243. 

For part flow, the velocity with which the water leaves the 
wheel is Ui, If this is greater than «, and tho wheel is drowned, 
or the exhaust takes place into tho air, the theoretical hydraulic 
efficiency is loss than for full load, but if the discharge is down a 
suction tube the velocity with which the water leaves tho tube is 
less than for full flow and the theoretical hydraulic efficiency is 
greater for the part flow. Tho loss of head, by friction in the 
wheel duo to the relative velocity of the water and tho vane, 
wliich is less than at full load, should also be diminished, as also, 
the loss of head by fiiction in the supply and exhaust pipes. 
The moclianical losses remain practically constant at ail loads. 




Fig. S48. Fig. 244. 

The fact that the efficiency of turbines diminishes at part loads 
must, therefore, in large measui*e be due to the losses by shock 
being increased more than the friction losses are diminished. 

By suitably designing the vanes, the greatest eflSoienoy of 
inward flow and mixed flow turbines con be obtained at some 
fraction of full load. 
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S04. B«gbla(iion of the flow by eylindrioal gates. 

'Wbeti tbo speed of the turbine is adjusted by a gate between 
the guides and tiie wheel, and the flow is less than tho'normal, the 
velocity 17 with which the water leaves the guide is altered in 
magnitede but not in direction. 

Ijet ABC be the triangle of velocities, Fig. 244, when the flow is 
normal. 

liet the flow be dimimshod until the velocity with which the 
water leaves the guides is Uo, equal to AD. 

Then BD is the relative velocity of IJ» and v, and it, is the 


radial velogity of flow into the wheel. 

Draw DK parallel to AB. Then for the water to move along 
the vane a sudden velocity equal to KD must be impressed on 

the water, and there is a head lost equal to ~2gi' 

To keep the velocity U more nearly constant Mr Swain has 
introduced the gate shown in Fig. 245. The gate g is rigidly 
connected to the guide blades, and to adjust the flow the guide 
blades as well as the gate are moved. The effective width of the 
guides is thereby made approximately proportional to the quantity 
of flow, and the velocity IT remains more nearly constant. If the 
gate is raised, the width b of the wheel opening will be greater 
than bi the width of the gate opening, and the radial velocity u. 



Fig. 34S. Bwala Oste. 


Fig. 2iS. 
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into the wheel will oon 8 eq.ttentl 7 he less than the radial relocity u 
from the goides. If T7 is assamed constant the relative velocity of 
the water aind the vane will suddenly change from BC to BOi, 
Fig. 24f6. Or it may be supposed that in the space between the 
guide and the wheel the velocity IJ changes from AO to AOi. 

The loss of head will now be 

205. The form of the wheel vanes betweou the Inlet and 
outlet of turbines. 

The form of the vanes between inlet and outlet of turbines 
should be such, that there is no sudden change in the relative 
vdocity of the water and the wheel. 

Consider the case of an inward flow turbine. Having given 
a form to the vane and fixed the width between the crowns of the 
wheel the velocity relative to the wheel at any radius r can be 
found as follows. 

Take any circumferential section ef at radius r. Fig. 247. Let 
h be the effective width between the crowns, and d the effective 
width ef between the vanes, and let q be the flow in cubic feet 
per second between the vanes Ae and B/. 
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The radial vdooity throngli e/ia 



Find by trial a point 0 near the centre of ef such that a circle 
drawn with 0 as centre touches the vanes at M and Mi. 

Suppose the vanes near e and / to be struck with arcs of circles. 
Join O to the centres of these circles and draw a curve MCMi 
touching the radii OM and OMi at M and Mi respectively. 

Then MCMi will be practically normal to the stream lines 
through the wheel. The centre of MCMi may not exactly 
coincide with the centre of ef^ but a second trial will probably 
make it do so. 

If theui h is the effective width between the crowns at 0, 
h.MMi.t;r=‘9. 

MMi can be scaled off the drawing and Vr calculated. 

The curve of relative velocities for varying radii can then be 
plotted as shown in the figure. 



It will be seen that in this case the curve of relative velocities 
changes fairly suddenly between c and fc. By trial, the vanes 
should be made so that the variation of velocity is as uniform 
as possible. 

If the vanes could be made involutes of a circle of radius Bo» 



TUBBTNBS 


867 


as in Fig. 249, and the crowns of the wheel parallel, the relative 

velocity of the wheel and the water would remain constant. 

This form of vane is however entirely unsuitable for inward 

flow turbines and could only be used in very special cases for 

outward flow turbines, as the angles and 0 which the involute 

makes with the circumferences at A and B are not independent, 

for from the figure it is seen that, 

• ^ Ito 
Bm^= - 

r 

and sin 


The angle 0 must clearly always bo greater than <#>. 


206. The limiting head for a single stage reaction 
turbine. 

Eeaction turbines have not yet been made to work under heads 
higher than 430 feet, impulse turbines of the types to bo presently 
described being used for heads greater than tWs value. 

Prom the triangle of velocities at inlet of a reaction turbine, 
e.g. Fig. 226, it is seen that the whirling velocity V cannot be 
greater than 

v-^ucot 

Assuming the smallest value for 0 to be 30 degrees, and the 
maximum value for u to bo 0*25 \/^2pE[, the general formula 



becomes, for the limiting case, 

V (v + 2 n/ 3 VH) = e . p , IL 

If V is assumed to have a limiting value of 100 feet per second, 
which is higher than generally allowed in practice, and e to 
be 0*8, then the maximum head H which can be utilised iu a one 
stage reaction turbine, is given by the equation 

25-6n- 316 711 = 10,000, 
from which H= 530 foot. 


207. Series or multiple stage reaction turbines. 

Professor Osborne Boynolds has suggested the use of two 
or more turhines in series, the same water passing through them 
BucoessiTely, and a portion of the head being utilised in each. 
For pai'ullol flow turbines, Reynolds pi'oposed that tho wheels 
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and fixed blades be atranged alternately as dumn m iE'ig, 260 *. 
This arrangement, althongb not tised in water tnrbines, is very 
largely used in reaction steam turbines. 





Fig. 250. 



Fig«. 251, 252. Axial Flow Impiilfe Tarbfne. 

* Tal^ from Prof. Bccruolds’ Fefent^c Yol. l 
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208. Impulse turbines. 

Oira/rd turbine* To overcome tlie difficulty of diminution of 
efficiency with diminution of flow, 

Girard introduced, about 1850, the 
free deviation or partial admission 
turbine. 

Instead of the water being 
admitted to the wheel throughout 
the whole circumference as in the 
reaction turbines, in the Girard 
turbine it is only allowed to enter 
the wheel through guide passages 
in two diametrically opposite 
quadrants as shown in Figs. 252 — 

254. In the first two, the flow is 
axial, and in the last radial. 

In Fig. 252 above the guide crown are two quadrant-shaped 
plates or gates 2 and 4, which are mado to rotate about a vertical 
axis by means of a toothed wheel. When the gates are over the 
quadrants 2 and 4, all the guide passages are open, and by turning 
the gates in the direction of the arrow, any desired number of the 
passages can be closed. In Fig. 25 1 the variation of flow is 
effected by means of a cylindrical quadrant-shaped sluice, wliich, 
as in the previous case, can be made to close any desired number 
of the guide passages. Several other types of regulators for 
impulse turbines were introduced by Girard and others. 

Fig. 253 shows a regulator employed by Fontaine. Above the 
guide blades, and fixed at the opposite ends of a diameter DD, 
are two iudiarubber bands, the other ends of the bands being 
connected to two conical rollers. The conical rolh i ^ can rotate 
on journals, formed on the end of the arms which are connected 
to the toothed wheel TW. A pinion P gears with TW, and by 
rotating the spindle ca’^rying the pinion P, the rollers can be mado 
to unwrap, or wrap up, the indiarubber band, thus opening or 
closing the guide passages. 

As the Girard turbine is not kept full of water, the whole of 
the available head is converted into velocity before tlie water 
enters the wheel, and the turbine is a pure impulse turbine. 

To prevent loss of head by broken water in the wheel, tlie air 
should be freely adnutted to the buckets as shown in Figs. 252 
and 254. 

For small heads the wheel must be horizontal but for large 
heads it may be vertical. 

This class of turbine has the disadvantage that it cannot 

Xb H. 24 
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ran drowned, and lienoe most always be placed above tihe tail 
water. For low and variable beads the full bead cannot therefore 
be ntOised, for if the wheel is to be clear of the tail water, an 
amonnt of head equal to half the width of the wheel most of 
necessity be lost. 



Fig. 254. Giraxd Bodial flow ImpolBe Tarbina 


To overcome this difficulty Qirard placed the wheel in an air- 
tight tube, Fig. 254, the lowoy end of winch is below tho tail water 
level, and into which air is pumped by a small auxiliary air-pump, 
the pressure being luaintamed at the necessary value to keep the 
surface of the water in the tube below the wheel. 
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Let H be the total bead above tbe tail water level of the sapply 

water, ^ the pressure bead due to tbe atmospheric pressure, H„ 

tbe distance of tbe centre of tbe wheel below tbe surface of the 
supply water, and the distance of the surface of the water in 
the tube below the tail water level. Then the air-pressure in 
the tube must be 



and the head causing velocity of flow into the wheel is, therefore, 

So ttat wherever the wheel is placed in tl»e tube below the tail 
water the full fall H is utilised. 

This system, however, has not found favour in practice, owing 
to the difficulty of preserving the pressure in the tube. 


209. The form of the vanes for impulse tnrbines, neg- 
lecting firictlon. 

The receiving tip of the vane diould be parallel to tho relative 
velocity Vr of the water and the edge of the vane, Fig. 265. 

For the axial flow turbine Vi equals v and tho relative velocity Vr 
at exit, Fig. 265, neglecting &ictiou, is equal to tho relative 
velocity V, at inlet. The triangle of velocitios at exit is A&B. 

For the radial flow torbine. Figs. 254 and 258, there is a 


„ 8 

centrifugal head impressed on the water equal to ~ o~ “od, 

Vr* Vr* V * V* S' » 

neglecting friction, 2 ^ “ ^ ^ ~ ^ triangle of velodties 

at exit is then DBF, Fig. 256, and Ui equals BF. 

If the velocity tviih whicli the water leaves the wheel is Ui, 
the theoretical hydraulic efficiency is 


B- 


H 


= 1 


w 

u* 


and is independent of the direction of Ui. 

It should ho observed, however, that in the radial flow turbine 
tlie area of the section of the stream by the circumference of the 
wheel, for a given flow, will depend upon tho radial componont of 
TJi, and in the axial flow turbine tbo area of the section of the 
Stream by a plane porpondicular to the axis will depend upon the 
axial component of Ui. That is, in each case the area will depend 
upon the component of Oi perpendicular to Vi. 


24—2 
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Now the section of the strenm must not fill the outlet area of 
the wheel, and the niiniinum area of this outlet so that it is just 
not filled will clearly be obtained for a given value of Ui when Ui 
is perpendicular to i?i*, or is radial in the outward flow and axial in 
the parallel flow turbine. 

For the parallel flow turbine since BC and BQ-, Fig. 255, are 
equal, TJi is clearly perpendicular to Vi when 

0 *^“ J \/2grHco8®, 

and the inclinations a and ^ of the tips of the vanes are equaL 



If B and r are the outer and inner radii of the radial flow 
turbine respectively, 

B 

T 

* It is often stated that this is the condition for maximum efficiency but it only 
is so, as stated above, for maximum flow for the given machine. The efficiency 
only depends upon the magnitude of Uj and not upon its direction. 
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For Ui to be radial 


Or Vi seo a 


seen. 


^ y 

If for the parallel flow turbine v is made equal to ^ , Vr from 

Y 

Fig. 255 is equal to therefore, 

800 a = g sec 0. 

210. Triangles of velocity for an axial flow Impulse tur- 
bine considering friction. 

The velocity with which the water leaves the guide passages 
may be taken as from 0’94 to 0*97^2^11, and the hydraulic losses 
in the wheel are from 5 to 10 per cent. 

If the angle between the jet and the direction of motion of the 
vane is taken as 30 degrees, and XJ is assumed as 0*95 ^/2y^I, and v 
as 0*45 *J2g]I, the triangle of velocities is ABO, Pig. 257. 

Taking 10 per cent, of the head as being lost in the wheel, the 
relative velocity Vr at exit can be obtained from the expression 

2g‘^ 2g 

If now the velocity of exit tli be taken as 0*22 J2gTIy and 
circles vntli A and B as centres, and TJi and Vr as radii be 
described, intersecting in D, ABD the triangle of velocities at exit 
is obtained, and Uj is practically axial as shown in the figure. 
On these assumptions the best velocity for the rim of the wheel is 
therefore *45 \/2glI instead of *5 V2yH. 

The head lost due to the water leaving the wheel with velocity 
u is *048H, and the theoretical hydraulic efficiency is therefore 
95*2 per cent. 

The velocity head at entrance is 0’9025H and, therefore, *097H 
has been lost when tho water enters the wheel. 

The efficiency, neglecting axle friction, will be 
II - 0*1H - 0-048H - 0-097H 
H 

-76 per cent, nearly. 


211. Impulse turbine for high heads. 

For high heads Girard introduced a form of impulse turbine^ 
of which the turbine sliown in Figs. 258 and 259, is the modern 
development. 

The water instead of being delivered through guides over an 
arc of a circle, is delivered through one or more adjustable nojfizles. 
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In Oie example slkown, the wlieel lias a mean diameter of 6‘9leet 
and makes 500 revolations per minute; it develops IGOO horse* 
power under a head of 1935 feet. 

The supply pipe is of steel and is 1'312 feet diameter. 

The form of the orifices has been developed by experience, and 
is such that there is no sadden change in the form of the liquid 
vein, and consequently no loss due to riiock. 

The supply of water to the wheel is regulated by the sluices 
shown in Fig. 258, which, as also the axles carrying the same, 
ore external to the orifices, and can consequently bo lubricated 
while the turbine is at work. The sluices are under the control 
of a sensitive governor and special form of regulator. 

As the speed of tho turbine tends to increase the regulator 
mores over a bell crank lever and pmtially closes both the orifices. 
Any decrease in speed of the turbine causes the reverse action to 
take place. 

The very high peripheral speed of the wheel, 205 feet per 
second, produces a high stress in tho wheel due to centrifugal 
forces. Assuming tho weight of a bar of the metal of which the 
rim is made one square inch in section and one foot long as 
3’36 lbs., the stress per sq. inch in the hoop surrounding the 
wheel is 

^_ 3-36.p* 

9 

= 4400 lbs. per sq. inch. 


To avoid danger of fracture, steel laminated hoops are shrank 
on to tho periphery of tho wheel. 

Tho crown carrying tho blades is made independent of the disc 
of the wheel, so that it may be replaced when the blades become 
worn, without an entirely new wheel being provided. 

The velocity of the vanes at tho inner periphery is 171 feet per 
second, and is, therefore, 0‘484 >/2grH. 

If the velocity U with which tho water leaves the orifice is 


taken as 0‘97 \/2gH, and tho angle the jet makes with Ihe tangent 
to the wheel is 30 degrees, tho triangle of velocities at entrance is 
ABO, Fig. 260, and the angle ^ is 53 5 degrees. 

The velocity Vi of the outer edges of tho vanes is 205 feet per 
second, and assuming there is a loss of head in tho wheel, equal to 
6 per cent, of U, 


^_y^.205^ 

2g' 2ff 2g 


171» 

2 ? 


-0-06H, 


and 


Or = 220 ft. per second. 
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If then the angle « is 80 degrees the triangle of velociiieB at 

exit is DEF, Fig. 260. , , . 

The velocity vrith which the water leaves the whew is then 
Uj « 1 1 1 feet per sec., and the head lost by this velocity is 191 feet 
or ‘OOGH. 



C F 


Fig. 260. 


The head lost in the pipe and nozzle is, on the assumption 

made above, _ , 

H-(0-97)*H = 0-06H, 

a.T»il the total percentage loss of head is, therefore, 

6 + 9.9 + 6=21-9, 

and the hydraulic eMciency is 78-1 per cent. 
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The aotaal efficiency of a similar turbine at full load was found 
by experiment to be 78 per cent.; allowing for mechanical losses 
the hydraulic losses were less than in the example. 

A modification of the Girard turbine has been described by 
Mr E. Crewdson* in which the type of nozzle shown in Fig. 262 
has been used and the buckets arranged so that the water moves 
through the wheel in a direction parallel to the axis. On a head 
of 200 feel an efficiency of 83‘5 per cent, has been obtained. 



212. Felton wheel. 

A form of iiJi]julho turbine now very largely used for high heads 
is known as the Felton wheel. 

A number of cups, as shown in Figs. 261 and 260, are fixed to 
a wheel which is generally mounted on a horizontal axis. The 
water is delivered to the wheel through a rectangular shaped, 
or circular, nozzle, the opening of vhieh is generally made 
adjustable, either by means of a hand Avheel as m Fig. 261, or 
automatically by a regulator as in Fig. 266. 

As shown on page 276, the theoretical efficiency of the wheel 
is unity and the b('st velocity for the cups is one-half the velocity 
of the jet. The velocity generally given to the cups in actual 
examples is from 0‘45 to 0’5 The width of the cups 

is from to 4 times the thickness of the jet, and the width of the jet 
is about twice its thickness. Fig. 263 shows photographs of a cup. 


* Ittht. C.E„ 1922 . 
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The aotiial eflioiency is between 70 and 82 per cent. 

Very large Pelton wheels are now being made. At C9aribon, 
Oalifomia, a Pelton wheel of 80,000 H.F. working under a head ot 
1008 feet and running at 171 revolutions per minute has been 



Fig. 263 OttpB of Pulton Wheel. 


installed. The disc is 11 feet diameter, the buckots are each 
42 inches wide and the jet is 11 inches diameter. Table XXXVIII 
gives the numbers of revolutions per mmute, the diameters of the 
wheels and the nett head at the noz/.le in a number oi examples. 

TABLE XXXVm. 

Particulars of some actual Pelton wheels. 


Head 
in feet 

Diameter 
of wheel 
(two wheels) 

BoTolutions 
per mmute 

262 

89 4" 

876 

283 

7" 

2100 

197 

20" 

660 

722 

89" 

650 

882 

60' 

300 

269 

64" 

310 

508 

90" 

200 

1008 


171 

900 


333J 



U 

HP. 

64-5 

129 

600 

64 

126 

6 

66 6 

112 

10 

111 

215 

167 

79 

166 

144 

73 

186 

400 

79 

180 

800 

80000 

14800 


213. Oil pressure governor or regulator. 

The modem application of turbines to the driving of electrical 
machinery has made it necessary for particular attention to be 
paid to the regulation of the speed of the turhmes. 

The methods of regulating the flow hy cylindrical speed gates 
and moveable guide blades have been described in connection with 
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varioas turbines but tbe means adopted for moving tbe gates and 
guides have not been discxissed. 

Until recent years some form of differential governor was 
almost entirely used, but these have been almost completely 
superseded by hydraulic and oil governors. 

Fig, 264 shows an oil* governor, as constructed by Messrs 
Escher Wyss of Zurich. 



Fig. 264. Oil Pressure Begulator for Turbines. 


A piston P having a larger diameter at one end than at the 
other, and fitted with leathers { and Zi, fits into a double cylinder 
Oi. Oil under pressure is continuously supplied through a pipe S 
into the annulus A between the pistons, while at tho back of the 
large piston tho pressure of the oil is dotoruiined by tho regulator. 

* See JEngineennsff Aug. 2nd, 1912 and iVoc. Inst. Msch Enginsm^ 1920. 
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Suppose the regulator to be in a definite position, the space 
behind the large piston being fall of oil, and the 
turbine running at its normal speed. The valve V 
(an enlarged diagrammatic section is shown in 
]^g. 265) will be in such a position that oil cannot 
enter or escape from the large cylinder, and the 
pressure in the annular ring between the pistons 
will keep the regulator mechanism locked. 

If the wheel increases in speed, due to a 
diminution of load, the balls of the spring loaded 
governor (3- move outwards and the sleeve M 
rises. For the moment, the point D on the lever 
MD is fixed, and the lever turns about D as a 
fulcrum, and thus raises the valve rod NV. This 
allows oil under pressure to enter the large 
cylinder and the piston in consequence moves to 
the right, and moves the turbine gates in the manner described later. 
As the piston moves to the right, the rod It, which rests on the 
wedge W connected to the piston, falls, and the point D of the 
lever MD consequently falls and brings the valve V back to its 
original position. The piston P thus takes up a now position 
corresponding to the required gate opening. The speed of the 
turbine and of the governor is a little higher than before, the 
increase in speed depending upon the sensitiveness of the governor. 
On the other hand, if the speed of the wheel diminishes, the 
sleeve M and also the valve V falls and the oil from behind the 
large pisfcon escapes through the exhaust E, the piston moving 
to the left. The wedge W then lifts the fulcrum D, the valve V 
is automatically brought to its central position, and the piston P 
takes up a new position, consistent with the gate opening being 
sufficient to supply the necessary water required by the wheel. 

A hand wheel and screw, Fig. 264, are also provided, so that 
the gates can bo moved by hand when necessary. 

The piston P is connected by the connecting rod BE to a crank 
EF, Which rotates the vertical shaft T. A double crank KK is 
connected by the two coupling rods shown to a rotating toothed 
wheel B, Fig. 241, turning about the vertical shaft of the turbine, 
and the movement, as described on page 360, causes the adjust- 
ment of the speed gates. 

214. Water pressure regulators for impulse turbines. 

Pig. 266 shows a water pressure regulator as applied to regulate 
the flow to a Pelton wheel*. 

The area of the supply nozzle is adjusted by a beak B which 
* A nozzle tjrpe is febown m Fig, 202, 
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rotates about the eenlare 0. The presrare of the water ia tilie 
supply pipe acting on this beak tends to lift it and thus to open 
the orifioa The piston F, working in a cylinder 0, is also acted 
npon, on its under side, by the pressure of the water in the supply 
pipe and is connected to the beak by the connecting rod BE. 
The area of the piston is made sufficiently large so that when tiae 
top of the piston is reliered of pressure the pull on the connecting 
Tod is sufficient to close the orifice. 

The pipe <p conveys water under the same pressure, to the 
valve Y, which maybe similar to that described in connection with 
the oil pressure governor, Fig. 2C5. 

A pisten rod passes through the top of the cylinder, and carries 
a nut, which screws on to the square thread cut on the rod. A 
lever eg, Fig. 267, which is carried on the fixed fulcrum e, is made 
to move with the piston. A link /A connects ef with the levw 
MN, one end M of which moves with the governor rieeve and the 
other end N is connected to the valve rod NY. The valve Y is 
shown in the neutial position. 



Suppose now the speed of tho turbine to increase. The 
governor sleeve rises, and the lever MN turns about the fulcrum 
A which is momentarily at rest. The valve Y falls and opens the 
top of the cylinder to the exhaust. The pressure on the piston 
P now causes it to rise, and closes the nozzle, thus diminishing 
the supply to the turbine. As the piston rises it lifts again the 
lever MN by means of the link Af, and closes the valve Y. A 
new position of equilibrium is thus reached. If the speed of tiie 
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governor decreases the governor sleeve falls, the valve Y rises, 
and water pressure is admitted to the top of the piston, which is 
then in equilibrium, and the pressure on the beak B causes it to 
move upwards and thus open the nozzle. 

BydrauUe valve for water regulator. Instead of the simple 
piston valve controlled mechanically, Messrs Eschor Wsrss use, for 
high heads, a hydraulic double-piston valve Pp, Fig. 268 . 

This piston valve has a small bore through its centre by means 
of which high pressure water which is admitted below the valve 
can pass to the top of the large piston P. Above the piston is a 
small plug valve Y which is opened and dosed by the governor. 



Fig. 268. Hydraulic TalYc for automatic regulation. 

If the speed of the governor decreases, the valve Y is opened, 
thus allowing water to escape from above the piston valv'f, and the 
pressure on the lower piston p raises the valve. Pressure water is 
thus admitted above the regulator piston, and the pressure on the 
beak opens the nozzle. As the governor falls tho valve Y closes^ 
the exhaust is throttled, and tho pressure above the piston P rises. 
When the exhaust through Y is throttled to such a degree that 
the pressure on P balances the pressure on tho under face of the 
piston p, the valve is in equilibrium and the regulator piston is 
locked. 
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If the speed of the governor increeses, the valve V is closed, 
and the excess pi^ssaro on the upper face of the piston valvo 
canses it to descend, thus connecting the regulator cylinder to 
exhaust. The pressure on the under face of the regulator piston 
then closes tho nozzle. 

FilteT. Between the conduit pipo and tho governor valve V, 
is placed a filter, Pig. 269, to remove any sand or grit contained 
in the water. 

Within tlie cylinder, on a hexagonal frame, is stretched a 
piece of canvas. Tho water enters the cylinder by the pipe B, and 
after passing through the canvas, enters the central perforated 
pipe and leaves by the pipe S* 



Fig. 269. Water Filter for Impulse Xurbine iiegulator. 


To clean the filter while at work, the canvas frame is revolved 
by means of the handle shown, and the cock R is opened. Each 
side of the hexagonal frame is brought in turn opposite the 
chamber A, and water flows outwards through the canvas and 
through the cock R, carrying away any dirt that may have 
collected outside the canvas. 

Auxiliary valve to prevent hammer action. When the pipe line 
is long an auxiliary valve is frequently fitted on the pipe near to 
the nozzle, which is automatically opened by means of a cataract 
motion* as the nozzle closes, and when tho movement of the nozzle 
beak is finished, the valve slowly closes again. 

If no such provision is made a rapid closing of the nozzle 
ipeans that a large mass of water must have its momentum 
quickly changed and very large pressures may be set up, or in 
other words hammer action is produced, wliich may cause fracture 
of the pipe. 

When there is an abundant supply of water, the auxiliary 
valve is connected to the piston rod of the regulator and opened 
and closed as the piston rod moves, the valve being adjusted so 
that the opening increases by the same amount that the area of 
the orifice diminishes. 


* See Engineer^ Yol. xo., p. 2 j5. 
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Fig. 270b. Felton Wheel. Afaximum Effioiency. 

cnrvGS can be obtained as shown in Figs. 270iL, 270 b, and 272a. 
The curves in Figs. 270a and 270b show thu maximum power at 
each gate opening and the corresponding efficiency. Fig. 272a 
shows the efficiency and power curves at various gate openings. 
When a series of such curves as shown in Fig. 272a is obtained, 
k a. 25 
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what are generally called charaoteriBtio onrvea, of Bereral types, 
can he drawn and from these it is quickly possible to determine 
the performances of turbines of the same type or of a single turbine 
under varying conditions. 


216a. Similar turbines. 

Consider two turbines exactly similar in form, one of which, a 
small turbine, has a wheel of diameter d and the other of diameter 
D, or in other words that the ratio of the dimensionB of the large 
turbine to the small is 

D 


r 


d' 


As the machines are similar the vane angles at inlet and outlet will 
be the same and when the machines are running under certain 
conditions the triangles of velocity are similar. 

Let V and Vi be the peripheral velocities of the turbine wheels 
respectively and n and N their respective revolutions per unit time. 
Let u and Ui be the velocities of flow at the inlet to the wheels. 


Then 


u _ _ nd _ 

Ui~ Vt 


( 1 ). 


The fundamental formirla for both wheels is 


or 


Yv 

— = Head 
9 


V (^>-WCOta ) 

9 


= Head. 


Let h, and H be the heads in the respective turbines. Then 

®(v— i^oto) _ ri*(ei-«iCota) , 

H Vi (Vi - «, cot a) Vi — «j cot tt ’ 

From (1), ND ^ n/h 

The quantity of flow into the machine is proportional to the 
radial velocity at inlot and to the area of the wheel periphery. 

If then q and Q are the respective quantities of flow into the 
two machines _ 

2 . ^ ^ 

D>V H- 

The ratio of the powers of the turbines will be 


P"QH“D*W 

d “V p\B.) • 
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Then sabstituting from (2) 


n_ /PM\t 
N"V pVH/ 


(4). 


Let it bo supposed tbat it is required to dosi^m a largo turbine 
of new type. A model of the turbine can be made and its perform- 
ance under varying conditions determined. Then the performance 
of the large turbine can be anticipated. From equation (3) the 
power of the large turbine can be determined and from equation 
(4) the speed of the turbine, when the corresponding powers and 
speeds of the model are known. Experiments show tbat for given 
similar conditions the efficiency of the large inachino is generally 
slightly larger than that of the model. This is not easily explained 
but an analogy may be found by comparing the efficiency of 
transmission of power along small and large pipes. In the smaller 
pipe the energy lost per pound of flow is greater than in the larger 
pipe, or in otlier words the coefficient / for the smaller pipe (see 
page 163) is greater than for the larger pipe. 

Specific speed of the turbine, lieferring to equation (4), let the 
head A bo 1 foot and the power p be unity. 

Then the speed is 




N.^ 

Hi 


(5), 


and is call(»d the specific speed; this should not be confused with 
the unit speed. 

The development of turbines during the last half century can 
be said to havo been in the direction of increasing the specific 
speed. The early type of Francis inward flow turbines had specific 
speeds of less than 20, a modern mixed flow turbine having a wheel 
of the form shown in Figs. 233 A and 233 b may have a specific 
speed of more than 100. Parallel flow turbines can be made with 
a higher specific speed than 100 and a modern type having a wheel 
of the propeller form (Fig. 220) has been made having a specific 
speed of 150. 


215 b. Specific speed for a Pelton wheel. 

Let two Pelton wheels havo diameters d and T) and let them 
work under heads h and H. Let the velocities of the buckets of 
the wheels be v and Vi. 


26-2 
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Then 


« /A 

id /h 
rD“V H 


where n and N are the revolutions per unit time of the wheels. 

Assuming the diameters of the nozzles to be proportional to the 
diameters of the wheels the ratio of the quantitios of water per 
unit time is 



!=?(!)* 

Substitating from (1), 

p'IPVA/' 





When /i is 1, and p is the specific speed is 

N.>/P 


«•= 


From (3) when D is equal to d, or in other words the same 
turbine is run at different speeds such that 


N _ /H 
n~V A’ 


p w 

Performcmce of a given turbine of either the reaction or i/mpulae 
type under varying conddtione. Unit power, wUt quantity, imit 
speed. Let a given turbine be developing P horse-power under 
a head H feet, when running at N revs, per minute, and uung 
a quantify of water Q ou. ft. per sec. Then from equation (3), 
since d is now equal to D, the power p when A is 1 ft. is 

(«) 


which may be called the nnit power for the particular turbine. 
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U B is the diameter in feet (or it may he in inches) the power 
per nnit diameter of one foot (or one inch if B is in inches) is 

B* H» 

Again, since v oc and the qnantity flowing through the 
machine, _ 

Q oc u tt u oc VH, 

therefore, for any other head h the quantity 

-A 

When h is one foot 



tliis is called the unit quantity for the turbine. The unit quantity 
per unit diameter ia ^ 

_ 

Further, t; oc N oc VH. 

For the head h, the revolutions 

wT /V w* 

V H’ H 

and when h is 1 foot, the unit speed 

<'»)• 

or nnit speed per unit diameter is 

ND 

M 

Under any head, H«, 

P pn,t 

^ >/n ' 

, nVs; 

and N.- 


( 11 ). 
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2150. Ohuraoteristio curves of turbines. 

Let it be supposed that from a series of tests on a turbine under 
vaaying conditions of head, speed and gate opening, efficiency and 
power curves hare been determined and plotted. In Fig. 272 a 
are shown such curves for a Felton wheel but similar curves may 



Fig. 271. Inward Flow Turbine. Unit-Power, Unit-Speed Carves. 


be obtained for any other type of turbine. Then for any given 
power P, at a given head H, the unit power 

P 

( 1 ) 

can be obtained. The efficiency e at this power will also be 
known. 
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liet the speed of the turbine at this power P under a head H 
be N revolutions per minute. Then the unit speed is 


Ni = 


N 

^/H 


( 2 ). 


From equations (1) and (2) let the unit powers and unit speeds 
be determined for given gate openings, while H is kept constant; 
and let these unit powers and unit speeds be plotted as in Fig. 271. 
For example in the case of a reaction turbine, suppose when the 
head is 20 feet, the gate opening is 0*75 and the speed is 180 revo- 
lutions per minute, then the unit speed is 


N =--■^^=40*3 

n/20 

Lot the horse-power of the turbine be 136. 


power 18 


136 ^ 

p = — T = 1 52. 
^ 20 ^ 


Then the unit 


Let the efficiency c for this condition bo 81 per cent. 

In Fig. 271 let the point S bo plotted so that the vertical 
ordinate is rf)2 and the abscissa 40*3, then S is a point on a unit- 
power, unit-speed curve for 0*75 gate opening. Similar points can 
be plotted for this and for other gate openings and the dotted 
curves obtained. 

The efficiency e at S is 84 pe^* eout., therofore S is on an 
efficiency contour of 84 por cent. Knowing the efficiencies at all 
powers and speeds for this givim head other points on the 84 per 
cent, contour can bo obtained and the curv^e OCU sketched in. 
Similarly other contours can be found. 

Let it now be supposed that tho machine is required to work 
under the same head at 200 revolutions per minute. Then the 
unit speed will bo 

Ni = 41*7. 


At 0*75 gate tho unit-powor will be given by the point T, tho 
efficiency will bo noaily 86 per cent, and tho horso-j'ower about 
138. This is the maximum power at maximum efficiency. With 
the head of 20 foot the maximum unit power at full gate is 1*8, at 
the point P tho maximum power is 160*9, the unit speed is 43*33, 
the speed is 193 revolutions per minute, and tho efficiency is 79 
per cent., about. 

For the same unit speed and with a head of 26 feet the power 
at full gate will be 

r8x25«-225n.p. 
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218 v. Oluuraotorittle curves for « Psiltoa vheeL • 

Fig. 272a shows five efficiency curves obtained from a Felton 
wheel of 20 inches diameter working with a head of 200 feet 
plotted on a revolutions per minute base and also the horse<power 
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cent. The muimum efficienciee at various gate openings are shown 
plotted in JB^g, 272 a, On the right of Fig. 272a is plotted a scale 
of unit power, i.e. the horse-power on the left of the diagram is 
divided by Below the figure is also shown a second scale of 
revolutions per unit head; this is obtained from the revolutions 
per minute by dividing by 20Q^. Thus Fig. 272 A shows curves of 
horse-power at various speeds for different nozzle openings, and 
also curves of unit power plotted against unit speeds for various 
gate openings and is thus similar to Fig. 271. 

The dotted constant efficiency curves are readily obtained from 
the efficiency curves. For example the points S and Si, on the 
efficiency curve for gate opening 4 where the efficiency is 40 per 
cent, are projected downwards to meet the power curve 4 which 
using the scale to the right are also unit power curves, at the 
points S and Si giving two points on the contour of 40 per cent, 
efficiency. The quantities of water used at the respective nozzle 
openings per second are shown in the table. 



1 

2 

8 

4 

5 

Nozzle opening (nearly) ... 

’20 

*4 

-70 

-90 

FuU 

Quantity of water per sec. 

0-180 

0-876 

0-67 

0-876 

1 -97 

Unit quantity 

0-0132 

0-0263 

0-0473 

0-0618 


The unit quantities obtamod by dividing the quantity by -s/H 
are also shown in the table. Fig. 272b is then plotted with unit 
speeds as abscissae and unit quauiifcies as ordinates. From Fig. 
272a points are obtained from which the efficiency contours on 
¥ig* 272b are plotted. For example, in Fig. 272a, nozzle opening 4, 
when the efficiency is 40 per cent., the unit s])eed is 2t, and also 
113, thus the points S and Si on Fig. 272b coiTCspond to S and Si 
on Fig. 272a. Other points are obtained in e\a(*tly the same way. 
On Fig. 272b the quantities used per second for any nozzle 
opening are clearly hoiizontal lines, thus at gate opimuig 3 when 
the unit speed is 84, the efficiency is 70 per cent., and the unit 
quantity is 0’0473. 

Suppose now a wheel 12 inches diameter is required to run at 
unit speed of 70 and under a head of 250 feet. If the unit quantity 
is *05 for a wheel of 20 inches diameter when the head is 200 feet 
and the unit speed 70 the eflicioncy point E, Fig. 272 b, is 74 per 
cent.; the corresponding unit quantity for a 1 inch wheel is 
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and foT a 12 indi wheel 
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•05 X 144 


= •0180; 


the onit quantity for a 12 inch wheel under a head of 250 feet 


•0180 ^/250 


-= *0201 cubic foot second. 



Fig. 272 b. Efficiency and Unit Power Carves for Pelton Wheel with 
Unit Quantity and Unit Speed as Ordinates. 


The power for a 20 inch whoe‘1 under a licad of 1 foot will be, 
from Fig. 272a, about '0042. The power of a 1 inch wheel under 
1 foot head will be 

*0042 

P 20“' 

and the power of a 12 inch whetd under a head of 250 feot will be 
p = X 250* X 12“ = 5-95 u.P. 

The number of revolutions per minute will be 
N = ^^^-v^=1830 
and the efficiency will be 74 per cent, about. 
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Tlie maximTun efficiency would be obtained when the quantity 
for the 12 inch wheel is 


•0618 X 144 

X 

400 


•Jm 


5= *0248 cu. ft. per sec. 


The power would then be 


-005 1 

20 *' 


x250? x12* = 7-2h.p. 


2152. Unit-head and nnit-diameter curves. 

From equations (7), (9) and (11), page 389, the unit power, the 
unit quantity and the amt speed per unit diameter can be obtained. 
If then such curves as I'lg. 272 A are obtained for any diameter 
turbine tlie unit power scale on the right can bo changed by 
dividing by the square of the diameter and the unit speed scale by 
multiplying by the diameter. Then Fig. 272a can be made a unit- 
power, unit-speed curve, for 1 foot head and 1 unit diameter. 
Tlieso scales are not drawn but the student will have no diflSculty 
in adding them to the figure. 

216 F. The Herschel fedl increaser. 

This is an arrangement suggested by Herschel for increasing 
the head under which a turbine works when the fall is small, and 
thus making it possible to run the wheel at a higher velocity, or 
for keeping the head under which a turbine works constant when 
the difference of level between the head and tail water of a low 
fall varies. In times of heavy flow the difference of level between 
the head and tail water of a stream supplying a turbine may be 
considerably less than in times of normal flow, as shown in the 
examples quoted on pages 328 and 349, and if the power given by 
the turbine is then to be as great as when the flow is normal, 
additional compartments have to be provided so that a larger 
volume is used by the turbine to compensate for the loss of head. 
Instead of additional compartments, as in the examples cited, 
stand by plant of other types is sometimes provided. In all such 
arrangements expensive plant is useless in times of normal flow, 
and the capital expenditure is, therefore, high. 

The increased head is obtained by an application of the 
Venturi principle, the excess water not required by the turbines 
being utilised to create in a vessel a partial vacuum, into which 
the exhaust can take place instead of directly into the tail*raoe. 
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Iti IHg. 273, wliioli js qaite diagrammatio, Bot^ae &b tarliine 
is working in a casing as shown and is discharging down a tube 
into the vessel Y j and let the water escape from Y along the {dpe 
EDF, entering the pipe by the small holes shown in the figore. 



When there is a plentiful supply of water, some of it is allowed to 
Sow along the pipe EDF, entering at E where it is controlled by 
a valve. The pipe is diminished in area at D, like a Yenturi 
meter, and is expanded as it enters the tail-race. When flow is 
taking place the pressure at D will be less than the pressure at 
P, and the head nnder which the turbine is working is thereby 
increased. Mr Herschel states that by suitably proportioning the 
area of the throat D of the pipe, and the area of the admission 
holes in D, the head can easily be increased by 50 per cent. Let 
h be the difference of level of the up and down streams. Then 
without the fall increaser the discharge of the turbine is pro- 
portional to •M and the horse-power to h-i/K. 

Let hi be the amount by which the head at D is less than at P, 
or is the increase of head by the increaser. 

The work dons without the increaser is to the work done with 
the increaser 
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If Qi is tlie disoliaTge tliroagb tbe torbine when the inoreaser 
is used, the work gained h7 the increoser 

-Q.(h + W-Q^ 

The effioienoy of the inoreaser is this quantity divided by 
h X weight of water entering at B. 

Mr Herschel found by experiment that the maximum value 
of this efficiency was about 80 per cent. 

The arrangement was suggested by Mr Herschel, and accepted, 
in connection with a new power house to be erected for the further 
utilisation of the water of Lake Leman at Geneva; one of the 
conditions which had to be fulfilled in the designs being that at 
all heads the horse-power of the turbines should be the same. 
When the difference between tho head and tail water is normal 
the inoreaser need not be used, but in times of lieavy flow when 
the head water surface has to be kept low to give sufficient slope 
to get the water away from up stream and the toil water surface 
is high, then the increaser can be used to make tho head under 
which the turbine works equal to the normal head. 


2150 . Hammer blow in a long turbine supply pipe. 

Tjet L be the length of the pipe and its diameter. 

The weight of water in the i)ipo is 


W = «>L^.cP. 

Ijet tho velocity change by an amount dv in time dt. Then the 

rate of change of momentum is cross sootion of 

the lower end of the column of water in the jupe a force P mitst 
be applied equal to this. 

Therefore ^ ~ i ” ^ • 

4 a (It 


Boforring to Pig. 266, let b be the depth of tho orifice and di its 
width. 

Then, if r is the distance of D fi*om the centre about which the 
beak turns, and n is the distance of the closing edge of the beak 
from this centre, and if at any moment the velocity of the piston 
is Vt feet per second, the velocity of closing of the beak will be 

VnTi 
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In any small element of time dt the amotmt by yrhiob the 
noKzle 'will close is 

r 

Let it be assumed that U, the velocity of flow through the 
nozzle, remains constant. It will actually vary, due to the 
resistances varying with the velocity, but unless the pipe is very 
long the error is not great in neglecting the variation. If then v 
is the velocity in the pipe at the commencement of this element of 
time and v—dvbA the end of it, and A the area of the pipe, 


«.A = 6.dx.U (1) 

and (t)-ao)A-(6-^0t).dx.U (2). 

Subtracting (2) from (1), 

r ’ 


or 


VoTx diTJ 

dt ~ r A 


If W is the weight of water in the pipe, the force P in pounds 
that will have to be applied to change the velocity of tins water 
by dv in time dt is 

p 

gdf 


Therefore 


_ "W ri (it IT t’o 
~gr A ’ 


and tho pressure per sq. inch produced in the pipe near the 
nozzle is 


P 


W ridiUt’o 
p r A* ‘ 


Suppose the nozzle to be completely closed in a time i seconds, 
and during the closing the piston P moves with simple harmonic 
motion. 

Then the distance moved by the piston to close the nozzle is 

— 

rj' 

and the time taken to move this distance is t seconds. 

The maximum velocity of the piston is then 

vhr 
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and sabstitating in (3), the tnaximum value of ~ is, therefore, 

dv ^ vh rTidiJJ 
Wt " 2^rir A ^ 

and the maximum pressure per square inch is 

irW6.d,.U_ir.W.Q_’r VVt? 

” 2gth? 2g.t.A}"2V 

where Q is the flow in cubic feet per second before the orifice 
began to close, and v is the velocity in the pipe. 


Example. A 500 horse-power Felton wheel of 76 per cent, effioienoy, and working 
under a head of 260 foet, is supplied with water by a pipe 1000 feet long and 
2' 8^' diameter. The load is suddenly i.ikeu off, and the time taken by the 
regulator to close the nozzle completely is 5 seconds. 

On the assumption that the nozzle is completely closed (1) at a uniform rate, 
and (2) with simple harmomc motion, and that no rehof valve is provided, 
determme the pressuie produced at the nozzle. 


The quantity of water delivered to the wheel per second when working at full 
power is 

_ 600 ^) 00 ^^^ ^ 

260 y 62-4 x *76 x 60 


The weight of water m the pipe is 

W=62 4x^.{225)»xl000 
= 250,000 lbs. 

21*7 

The velocity is 26 ft. per sec. 

In case (1) the t^'tal pressure acting on tlie lower end of the column of water in 
the pipe is 

250, 000x5 25 
px6 
= 8200 lbs. 

The pressure per sq. inch is 


lbs. per sq. inch. 

T . 273 


In case (2) 


4 

7r 




216 H. The surge tank. 

In order to meet the variable demands that a turbine may make 
upon the supply^ it is essential, particularly in those cases where 
the supply reservoir is at a considerable distance from the turbine, 
to arrange for a subsidiary reservoir or tank to be placed near to 
the machines. Such a tank is generally called a “ surge tank,” 
because, as will be seen, when the supply to the machines is cut off 
or changed by the action of the governor, surging takes place in 
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ibis tank. The heei arraa^iemoiit for the surge tank in any given 
case is not easily determined. Figs. 274a and 274b show two 
typical examples. In Fig. 274a the horizontal cross section of the 
tank is varied, and in Fig. 274b the cross section of BDHF is con- 
stant, An alternative arrangement is the dotted tank KGHL. H^e 
surge tank should be placed as near to the machines as possible, 
and if it is to be open to the atmosphere the top of it must not be 



Altecnatii/e, 



lower than the level of the water in the reservoir. The tank of 
Fig. 274a has a spill way on the same level as the water in the 
reservoir. In this case, the water in the tank can only surge to a 
level a little higher than the sill of the spill way. As indicated by 
the dotted line the surge tank could be taken to any height above 
the level of tho water in the reservoir, in which case surging can 
take place to a level higher than the level of tho reservoir. 
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Let it he Suppofied that a pipe line AB i$ of considerable length 
I ; the supply to the turbine is taken down a penstock which should 
be short if possible as compared with the pipe. The fall on AB will 
generally be small compared with the fall on tlie penstock. The 
machine M may be a turbine of any type, such as a Pelton Wheel 
or reaction turbine. At any given instant, let it be supposed that 
the turbines are taking a quantity of, say, 600 cu. ft. per second 
from the pipe line AB, which has a sectional area of 300 sq, ft. Let 
it be supposed that the demand in one minute is clianged from 
500 cu. ft. per second to, say, 1200 cu. ft. per second. To meet this 
demand, if there were no surge tank, it would bo necessary to 
accelerate the water in the pipe by an acceleration 

a 0‘039 ft. per sec. per sec. 

To accelerate the water in the pipe length AB by a ft. per second 
per second requii*os a head 



Suppose the pipe to have a length of 20,000 ft., then the head 

fea = 24*4ft. 

Neglecting, for the moment, the increase of the velocity head and 
the friction head due to the increase in the velocity pipe, it is clear 
that in order to obtain this acceleration, the pressure head at the 
point b in the pipe must fall by 2i*4ft.; this clearly cannot take 
place suddenly. If a surge tank is placed at B with reasonably 
large sectional area, the demand made by the machmes may be 
for some period of time partly mot by the flow from the surge tank, 
and partly from tho flow along the pipe line. If, on the other hand, 
the governors diminish the supply to the machine w head will bo 
required to give the negative acceleration to tho water in the pipe 
line, and the excess water flowing along tho pipe not taken by the 
machines will cause tho head in the surge tank to rise. 

At any instant, let it be supposed that the condition of flow is 
steady, and that the level of the water in the surge tank is ef at a 
distance 

below tbo surface of the water in the reservoir. T3io difference of 
level between tho water of tho reservoir and in the surge tank is 
clearly equal to the friction head h/ plus the velocity head of water 

in tho pipe. Let at this instant the pressure head at M be ^ and 

26 


L. n. 
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ihe vdooity liead If the machane is an impulse machine p is 

the atmospheric pressnre and U is the velocity from the noszle. If 
the machine is a reaction machine, the pressure p may be greater 
than the atmospheric pressure and TJ will be the velocity of flow 
from the guide blades. 


Tlien 


w w 2g 


.( 1 ), 


where 7i/, is the loss of head in the penstock. 

Lot it now be assumed that the flow into the machine is 
changed *and that the surface of the water in the surge tank is 
at a level gh at a distance y below the level of the water in the 
reservoir. 

Let the velocity in the pipe lino be v, the loss of head by friction 
at this velocity be h/^ and let the head necessary to accelerate the 
water along the pipe All be then 

= ( 2 ). 


At the same instant let tlio head necessary to accelerate the water 
in the penstock bo //«,, the friction head be h/^y and pi and Ui the 
pressure and velocity respectively at M. Then 




w 


w 


.(3). 


In equation (2), h/ and ^ will always be positive; ha may be 

either positive or negative ; it will bo positive when the velocity in 
the pipe line AB is increasing. 

At a given instant when the level of the water in the surge 
tank is ghy let: 

Qm bo thequantity of water per second flowing into the machines; 
this will be 5 0, 

Q, bo the qijantity of water per second flowing out of or into 
the surge tank. Q, will bo positive when the flow is from the surge 
tank, 

Q be the quantity of water per second flowing along the 
pipe AB. 

Then Qm = Q + Q. (4). 

In any small quantity of time dt, the quantity flowing from 
the sorgo tank is equal to the cross sectional area of the tank at 
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level y meltipUed by tbe small obange in level dy of the water in 
the tank, 

A^dy - q^di « (Qm - Q) - (Qm - Av) (6)* 


A being tbe sectional area of the pipe and Ag the cross sectional 
area of the surge tank at any level 

The change in the quantity of flow along the pipe in a small 
element of time dt is 

0Q = a. A.3^, 

where a is the mean acceleration in the pipe during the small 
element of time and A the area of the pipe^ or in the limit 

d(i^-fdtA 


( 6 ). 

The velocity head will generally be small and may be neglected; 
then from (2) 

dy-dha'^dhf (6a). 




From (2), in which the friction head hf=s , and, assaming C conetanti 
and 


Then 

Substituting hrom (5), 


^y=i^+2Sv^. 

dt gdt^ dt 


Qm - Ap _ 2 ^ 

A, dt • 


When the supply to the machine is suddenly out off Qbi is zero, and this equation 
becomes 

£pp 2Kg vdv g Ap 

i r.- 

If A« is constant, the equation becomes 

fpp avdv , ^ 

dt 

the first solution to which is 

Idp 6 , / dv J\ p® ^ 

This is not of much nse in practical eases. If as a first approximation the 
fdction head is assumed to vary as the velocity, the equation then becomes 

dt* + j i, + I A, ® 

Trbi<di( when A, is eoulant, is of a standard fonn and ora be integrated. 


26—2 
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The three equations (6), (6) and (6o) may be said to be the three 
differential equations that dptermine the motion. They, however, 
can only be integrated by making certain assumptions and it is 
generally very much better to solve given cases by a process of 
approximation. 

Approximate method of solving the surge tanTt problem. At any 
given instant when the level in the tank is y feet below SSi, 
Fig. 274 a, let a be the acceleration in the pipe and ha the ac- 
celeration head ; at the end of a time dt seconds let the acceleration 
be U] and the acceleration head ha^. Then 

tti - a - 9o. 

Then on the assumption that the acceleration changes uniformly 
the average acceleration is 


0 4 a, 3o . dh„\q 

-2 = 2-jr 


dh. 


Then from (6), 


(7). 

Let Ilf be the friction head at the beginning of the time dt and 
fc/j the friction head at the end of the time dt Then the average 
friction head is 

— 2 

Iv^ 

in which whore m is the hydraulic moan depth of the 

supply pipe. 

Let Qm be the rate of flow to the turbines at the cominoncoment 
of the time dt and Qmi the rate of flow at the end of the time dt 
Then 0 Qm = Qm^ - Qm. 

In time dt the average rate of flow is Qm + and the quantity 
of flow to the machines is 

= + (9). 

Similarly the quantity that has flowed from the surge tank in 
time dt is dt and the quantity that has flowed along tiie 

pipe is dt. As finite times of a few seconds will generally 

be taken it is convenient to write t for dt, thon 
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«r A.0y=(QM + ^)<-(Q + -^)i (10), 

or, sabstiiating from (9), 

Substitnting from (7) for 3Q, and from (6a) iordy^dh^ + dh/, 

g« - Qi +^''‘ •] ^ + - 4 f «‘ + A.3/ia + A,iihj ( 11 ), 

or D/t« (12). 


216. Arithmetical solution of the surge tank problem. 

It is now nocessary to proceed aritlnnetieally in any f^ivon case. 

For (‘xaiuple lot us suppose that at a given instant the turbines 
are working stencbly and receiving 500 cubic feet of \vater per 
second from the supply pijw^ Let the area of this pipe bo 300 square 
feet, its length 20,000 feet, and the hydraulic mean depth 4*4 feet. 
As a first approximation let C be assumed 100. Then since the 
acceleration is zero and ucgl( 3 cting the velocity head 

, 20000 

^ iOOOO'm' 2-2 


- 1-26 fi-pt, 


compared with which 


^(7 


is negligible. 


Let it be supposed for simplicity that the load on the turbines 
is so increased that the supply of water increases at the rate of 
100 cubic feet in ton seconds. Let t be ten seconds. 

QHien during the first ten seconds qt - (500 + t 

= 5500 cubic ff'C'i/. 


Since h/ is small 0/z/ can in the first ten seconds be taken as zero. 
Therefore, from (12), since ha is zero. 


5500 - 5000 


Let the mean valno of A, for the first ton seconds be assumed 
as 238. That is, the area at level y from the free surface will be 
nearly this value. 
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Then 


0Jta " 


fiOO ff 


»« " (f ) - ‘ = ■‘■® ™- *■ 


The quantdiy of flow along ihe pipe in 10 seconds is 
qp= (600 + 2-4) 10 = 5024. 

The quantity that has left the surge tank is 


6500 - 5024 = 476 cu. ft. 
Therefore Aj* = 288, 

which equals the assumed mean area. 

Scuoild period of 10 seconds. 

Aa = 2 ft., 3h/= O’l say. 


Let 

therefore 


Q = 504'8 cu. ft. per see. 
q, = 6500 cu. ft. 

Am = 250 sq. ft., 

p, 6,500 - 6018 - 24 x 2- -lx 250 
250 +T2 

= 5-3 ft. 


0Q = 4-8 (ha + - 4-8 X 4-65 


= 22‘4 cu. ft. 

qp = 6160. 

The quantity that has left the surge tank is 
6500 - 6160 = 1340 cu. ft. 


Therefore 


Am -= 


1840 


5*3 
= 2.53, 

which is again nearly correct. It should be noticed that dhf has 
been assumed 0‘1. In the next calculation hj at the beginning is 

t.527-4)> _ , 

^•^“300’x2’2 


dhf will, therefore, be of the order 0’16 to 0*18. 

By guessing again an area and proceeding in the same way 
the levels of the water in the surge tank can bo worked out. 'Phe 
water will surge for some time and assuming the flow of 1200 cubic 
feet to remain constant for some time the level in the surge tank 
will settle down nearly to a level, below the reservoir level, 

= 7*3 feet. 
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Before this stage is reached the .surging will follow approximately 
the curves shown in Fig. 275a. 

When the water in the tank reaches the level of the water in 
the reservoir it is assumed to spill, so that during the interval 
130 secs, to 190 seca the level of the water in the tank remains 
constant and oha -dhj. At 130 secs, it begins to fall and then surges 
as shown in Fig. 275a. 

In Fig. 275 B are shown plotted the friction head and accelera- 
tion head at various times, and in Fig. 275 a in addition to the 
levels of the water in the surge tank, the velocities along the pipe 
line. 



Fig. 275 a. 

The a8sum])tion made ihat the quantity of flow into the machine 
increases uniformly can oidy approximately be fulftllod, as clearly 
from equation (1) the velocity into the turbine will vary with the 
level of the water in the surge tank and it would be necessary 
therefore for the governor action to adjust the opening aud closing 
of tho noz 2 . 1 e or the guido blades to follow the change of level, in a 
manner practically impossible. A nearer approximation to the flow 
in tho pipe line can however be determined by assuming the action 
of the governor aud the gate opening at each instant of the motion 
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to be known. With the Pelton wheel the velocity TJ can be 
oaloalated with reasonable precision when the nozzle position and 
tho head Hj are known. For each level of the water in the tank 
the velocity along tho pipe line can be ostimatod from equation (1) 
and the calculations accordingly modiiied. This is in most casos 
hardly necessary as in designing a surge tank it is clear that there 
are other uncertainties and tho assumption of uniform variation of 
how in the penstock is sufficiently accurate. 



The time taken for the machine to change tho flow from 500 to 
1200 cu. ft. per sec. has been assumed to bo 70 secs. The 
time taken for the flow in the pipe AB to increase from 500 to 
1200 cu. ft. por sec. is 87 secs., after which the velocity and the 
level in the surge tank fluctuate as shown in Fig. 275 a. 

By making the surge tank to have a much larger area than 
assumed in the example the accelei-ation head changes much less 
rapidly as will be seen by comparing Fig. 27 Cb with Fig. 275 b. 
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'rhe time for the flow in the pipe to become equal to the steady 
final demand is however increased, as will be seen by comparing 
Figs. 275 a and 276 A, being in this case 165 secs, as compared with 
87 secs, in the smaller tank. 

When the surge tank does not spill as in Fig. 276 A the acoelera> 
tion curve, the flow of water in the piiws curve and the level in the 
tank curve become continuous curves, consisting of a series of 



loops, of diminishing amplitude. Spilling clearly, with the small 
tank, Fig. 275 b, more quickly diminishes the amplitude of tho 
acceleration hoa«l curves than if spilling were not allowed. 

When load is thrown off, instead of the load increasing, the 
level in the surge lank first rises to the spill way level and after a 
iirrifl begins to fall and oscillates as in the previous case. If it is 
desired to economise water auduot spill the surgo tank, in such a case 
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a8 Fig. 274a, muBt be taken biglier than the reservoir water 
level. 

The student, using equations (1) to (12), should calculate the 
variatioiLB in level of a surge tank having a constant sectional area 
and check the assumptions made by calculating the difference of 
flow along the penstock and the pipe and comparing it with the 
flow into or out of the surge tank in any element of time. 

The assumptions that are made as to the rate at which the load 
may change are of fundamental importance. The case may occur 
when the whole load is suddenly thrown off and this assumption 
together with the opposite assumption that the load comes on 
suddenly is Sometimes made. In the case when Qm suddenly be- 
comes zero qt in (12) is zero. 



Closed Svegc Tanlcs, In certain cases it maybe necessary to 
use ^^air vessel surge tanks.^^ For example if the penstock in a high 
head turbine has to bo long or in cases where an open surge tank is 
not practicable it may be desirable to iustal a subsidiary closed tank 
on the penstock partly filled with air or a single closed tank for the 
system. If the air pressure is known for a given level of the water 
in the closed tank it can be found for any other hjvel and the pres- 
sure head at the point of attachment of the closed tank to the pipe 
system is then known. The equations given for the open surge tank 
problem can then be easily modified to fit this case. 
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Special form of swrge temJta. Space forbids a description of 
special forms of tanks bat to tboso specially interested tbo following 
references may be useful : 

Trans. Am. S.G.R 1908, 1915, 1918, 1919-20. 

Proc. „ „ 1921. 

Mead, Water Pohoer Engineering. 

Gibson, Hydro-Electric Engineering, Vol. I. 


216a. The governing of turbines. 

When there is no surge tank on a pipe line, as for example a 
steel pipe lino supplying water to a Peltoii wheel as in Pig. 266, 
and a change of load takes x>lace so that in a timu seconds tho 
quantity supplied to the machine changes from Qi to Q, cubic feet 
per second, the energy onteiing in tho wheel during the given time 
can bo calculated. 

Jjet Vi bo tho voloi-ity of flow at the beginning of the time 
U seconds and e* tho velocity at the end of tho time. Lot it be 
supposed that tho level in the supply tank or forobay remains 
constant. At the beginning of tho time tho friction head is 




h-l 

(ym 


- Kr,\ 


Assuuung 0 to remain constant the friction head at the thno to is 

KuA 

If it be assumed that tho velocity varies uniformly from Vt to 

t>a, the acceleration of tho water in tho pipe a - ^ ■— . 

*0 

TLe ollectivo head at the tuvlnno at tho bcgiimiiig of tho penod is 




At the Oiul of fho period ut is 




At any time f after the acceleration begins tho velocity in the 
pipe is V and tho eflrectivo head at tho inlet to the turbine is 

^ , al V* 



412 


HTPBAULICS 


Or the energy entering the wheel per pound of flow is 

9 

If A is tlie sectional area of the pipo lino, the energy entering 
the wheel in time 9^ is e - G2‘4A . v 
for V its value v = 7Jj h at 

e - C2-4A («, + at) K (I’l + a<)‘j ot. 

Then the total energy supplied to the machine in time to is 
E = 62-4A j\vi + at) (h - - K (vt + a/)’} dt 

If the mean doinaud during tlio time to on the machine has been 
N horse-power then 

550Nto + Loss of Kinetic Energy of the moving parts = E. 

If the governor is required to keep the variation of the angular 
speed within specified limits Wi and for the given load change, 
then if I is the moment of inertia of the rotating masses 

650N^o *= E — il (wi^ - W2)> 

The importance of having sufficiently large flywheels to keep 
the speed within reasonable variations when the load is suddenly 
changed is illustrated by an example of a tost on the turbines at 
Kinlochloven. Before fitting flywheels the rise of speed of the 
600 K.W. turbines when 50 per cent, of the load was thrown off was 
29 per cent. After fitting flywheels the rise of speed when the 
whole load was thrown off was only 10 per cent. 

If Ni is the horse-power at the beginning of the period and Na 
at the end of the period and the efficiencies of the machines at 
these loads are ex and ea respectively, then 


^II - Kv* “ -- j Oty or substituting 
\ Q * 


and 


62'4fliAi/i 

“ 560~ 

62'4<>2Avj 

550 



and vi and Vt can therefore be determined. 

On the assumption tliat the horse-power varies uniformly 


N, + Ni 
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"When tliero is a surge tank on the pipe line, the effective head 
at the turbine H«, Fig. 274 a, is clearly changing during the surging 
period and it is only possible to integrate the total energy entering 
the turbine in a specified time by a step by step process. 

From equation (2), page 402, and thus the effective head at the 
turbine, can be obtained for any instant and for small elements of 
time the energy entering the wheel estimated. It has been assumed 
in the surge tank problem on page 405 that the velocity along the 
penstock varies uniformly. In this case the energy in time Ot is 
therefore proportional to H| and the value of E can therefore be 
obtained by the aid of the curve. Fig. 275 A, showing levels in the 
surge tank. 


EXAMPLES. 

(1) Find the ihoorotical liorso-powor of an overshot wator-wheel 22 feet 
diameter, using 20,000,000 gallons of water per 24 hours under a total head 
of 25 feet. 

(2) An overshot water-wheel has a diameter of 24 feet, and makes 8*6 
revolutions per mmute. The velocity of the water as it enters the buckets 
is to be twice that of the w beers periphery. 

If the angle which the water makes with the periphery is to be 15 
degrees, find the direction of the tip of tlie bucket, and iho relative velocity 
of the water and the bucket. 

(8) The sluice of an overshot water-wheel 12 feet radius is vertically 
above the centre of tho wheel. The suifaoo of the water in the sluice 
channel is 2 feet 8 inches above tho top of tho wheel and the centre of tlie 
sluice opening is 8 inches above the top of the wheel. Tho velocity of the 
wheel periphery is to be one-half that of the water as it enters tho buckets. 
Determine the number of rotations of the wheel, the point at which the 
water enters the buckets, and the direction of the edge of the bucket. 

(4) An overshot wheel 25 feet diameter having a width of 5 feet, and 
depth of crowns 12 inches, receives 450 cubic feet of water per minute, and 
makes 6 revolutions per minute. There aro 64 buckets. 

The water enters the wheel at 15 degrees from the crown of the wheel 
with a velocity equal to twice that of the periphery, and at an angle of 20 
degrees with the tangent to the wheel. 

Assnming the buckets to be of tho form shown in Fig. 180, the length 
of the radial portion being one-half the length of iho outer face of idie 
bucket, find how muoh wator enters each bucket, and, allowing for centri* 
f agal forces, the point at which the water begins to leave the buckets. 

(5) An overshot wheol 82 foot diameter has shrouds 14 inches doep, and 
is required to give 29 horse-power when making 5 rovolutions per minute. 

Assnming the buckets to be one-third filled with water and of the same 
form as in tlie last question, find the width of the wheel, when the total 
fall is 82 f^t and the efficiency 60 per cent. 
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Assuming the velooity of the water in the penstock to be If times that 
of the wheel's periphery, and tho bottom of the penstock level with the top 
of the wheels find the point at which the water ent^s the wheel Find also 
where water begins to discharge from the bnekets, 

(6) A radial blade impulse wheel of the same width as the channel in 
which it runs, is 15 feet diameter. The depth of the sluice opening is 
12 inches and the head above the centre of the slnioe is 8 feet. Assuming 
a ooefEicient of yelocity of 0*8 and that the edge of the sluice is rounded so 
that there is no contraction, and the velocity of the rim of the wheel is 0*4 
the velocity of fiow through the sluice, find tho theoretical efOcienoy of 
the wheel 

(7) An overshot wheel has a supply of 80 cubic feet per second on a fall 
of 24 foot. 

Determine the probable horso-power of the wheel and a suitable 
width for the wheel 

(8) Tlio water impinges on a Poncelot float at 15” with the tangent to 
the wheel, and the velocity of the water is double that of the wheel. Find, 
by construction, the proper inclination of the tip of tho float. 

(0) In a Poncelet wheel, the direction of the jot impinging on tho floats 
makes an angle of 15^ with the tangent to the circumference and the tip of 
'the floats makes an an^e of 80” with the same tangent. Supposing the 
velocity of the jet to be 20 feet per second, find, gra^cally or otherwise, 
(1) the proper velocity of the edge of the wheel, (2) the lieiglit to which the 
water will rise on the float above the point of admission, (8) the velocity 
and direction of motion of the water leaving the float. 

(10) Show that ilie efficiency of a simple reaction wheel increases 
with ^e speed when frictional resistances are neglected, but is greatest 
at a finite speed when they are taken into account. 

If the speed of tho orifices be that due to the head (1) find the efficiency, 
neglecting friction ; (2) assuming it to bo the speed of maximum effidoncy, 
show that ^ of the bead is lost by friction, and ^ by final velocity of water. 

(11) Explain why, in a vortex turbine, the inner ends of the vanes are 
inclined backwards instead of being radial. 

(12) An inward flow turbine wheel has radial blades at the outer 
periphery, and at the inner periphery the blade makes an angle of 80” with 

T> 

the tangent. The total head is 70 feet and r-s . Find the velocity of the 
rim of tho wheel if tho water discharges radially. Friction neglected. 

(18) The inner and outer diameters of an inward flow turbine wheel 
ore 1 foot and 2 feet respectively. The water outers the outer drenmferenoe 
at 12” with the tangent, and leaves the inner circumference radially. The 
radial velocity of fiow is 6 feet at both circumforenoes. The wheel makes 
8*6 revolntionB per second. Determine tho angles of the vanes at both 
dreamferenoes, and the theoretical hydraulic efficiency of the turbine* 

(14) Water is suppHod to an inward fiow turbine at 44 feet per second, 
and at 10 degrees to the tangent to the wheel The .wheel malms 200 
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i^eroluMons per xnlnuie. The inner radios is 1 foot and iljte outer radioB 
2 feet. The radial velocity of flow through the wheel is oanstant. 

Find the inclination of tlie vanes at inlet and ontlot of the wheel* 

Determine the ratio of the kinetic energy of the water entering the 
wheel per pound to the work done on the wheel per pound. 

(16) The supply of water for an inward flow reaction turbine is 500 
onbio feet per minnte and the available head is 40 feet. The vanes are 
radial at the inlet, the outer radius is twice the inner, tho constant 
velocity of flow is 4 feet per second, and the revolutions arc 860 per 
minute. Find the velocity of the whool, the guido and vane angles, 
the inner and outer diameters, and the width of the bucket at inlet and 
outlet. Loud. Un. 1906. 

(16) An inward flow turbine on 15 feet fall has an inlet radius of 1 foot 
and an outlet radius of 6 inches. Water enters at 15* witli the tangent to 
the circumference and is discharged radially witli a velocity of 3 feet per 
second. The actual velocity of water at inlet is 22 feet per second. The 
circumferential^ velocity of the inlet surfaco of the wheel is 10^ feet per 
second. 

Construct tho inlot and outlet anglos of tlio turbine vanes. 

Determine the theoretical hydraulic ofliciency of the turbine. 

If the hydraulic efllcienoy of the turbine is assumed 80 per cent, find the 
vane anglos. 

(17) A quantity of water Q cubic foot per second flows through a 
turbine, and the initial and final directions and vdodtics are known. 
Apply the principle of equality of angular impulso and moment of 
momentum to find tho oouple exerted on tho turbine. 

(18) The wheel of an inward flow turbine has a peripheral velocity of 
50 feet per second. The velocity of whirl of the incoming water is 40 feet 
per second, and Uxo radial velocity of flow 5 feet per second. Detormine 
the vane angle at inlet. 

Taking the flow as 20 cubic foot per second and tho total losses as 
20 x>ar cent, of the available energy, determino tho horso-powor of the 
turbine, and the hood H. 

If 5 per cent, of the head is lost in fiiclion in the supply pipe, and the 
centre of the turbine is 16 feet above the tail race levd, find the pressure 
head at the inlet circumference of the wheel. 

(19) An inward flow turbino is required to give 200 liorso^power under 
a head of 100 foot when running at 600 revolutions per minute. The 
velocity with wbidi tho water leaves tho wheel axially may be token as 
10 feet per second, and the whed is to have a double outlet. Tho diameter 
of the outer drcnmference may bo taken as 1| times the inner. Determine 
the dimensions of the turbine and the angles of tho guido blades and 
vanes of tho turbine wheel. Tho actual ofQlciency is to be iakon as 76 per 
cent, and the hydraulic dficionqy os 80 per cent. 

(20) An outward flow turbino whed has on internal diameter of 6*249 
feet and an external diameter of 0*25 feet. The head above the turbine is 
141*6 feet. The width of the whed at inlot is 10 inoheSf and the quantity 
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of vratcr anppliod per second is 216 cubic feet. Assuming the hydraulic 
losses are 20 per cent., deiermiuo the angles of tips of the vanes so that 
the water gha^ leave the wheel radially. Determine the horse-power of 
the turbine and verify the work done per pound from the triangles of 
velocities. 

(21) The total head available for an inward-flow turbine is 100 feet. 

The turbine wheel is placed 15 foot above the tail water leveL 

When the flow is normal, there is a loss of head in the supply pipe of 
8 per oent. of the head ; in the guide passages a loss of 5 per cont. ; in the 
wheel 9 per cont. ; in tho down pipe 1 per cent. ; and the velocity of flow 
from the whocl and in the supply pipe, and also from the down pipe is 
6 feet per second. 

Tho diainoter of the inner circumference of tlie wheel is 9J inches and 
of the outer 19 inches, and the water loaves the wheel vanes radially. 
The wheel has radial vanes at inlet. 

Determine the number of revolutions of the whool, the pressure head in 
the eye of tho whool, the pressure head at the circumferonco to the wheel, 
the pressure head at the entrance to the guide cliambor, and the velocity 
which the water has when it enters tho wheel. From the data given 



(22) A horizontal inward flow turbine has an internal diameter o£ 
6 feet 4 inches and an external diameter of 7 foot. Tbo crowns of tho 
wheel are parallel and are 8 inches apart. The diflorence in level of the 
head and tail water is 6 foot, and tho upper crown of tbo wheel is just below 
the tail water level. Find the anglo the guidu blado makes with tho tangent 
to the wheel, when tho whoel makes 82 revolutions per minute, aud the 
flow is 45 cubic feot per second. Neglecting friction, determine the vane 
angles, the horse-power of tho whool and tho theoretical hydraulic olflciency. 

(23) A parallel flow turbine has a mean diameter of 11 feet. 

The number of revolutions per minuto is 15, and the axial velocity of 
flow is 8*5 feet per second. Tlie velocity of the water along the tips of tho 
guides is 15 feet per second. 

Determine the inclination of the guldo blades and the vane angles that 
the water shall enter without shock and leave the whoel axially. 

Determine the work done per pound of water passing through tho whoel. 

(24) Tho diameter of the inner crown of a parallel flow pressure turbine 
is 5 feot and the diameter of the outer crown is 8 foot. The head over the 
wheel is 12 feet. The number of revolutions per minuto is 52. Tho radial 
velocity of flow through the whool is 4 feet per second. 

Assuming a hydraulic efiiciency of 0*8, detormino the guide blade angles 
and vane angles at inlet for the throe radii 2 feet 6 inches, 8 feet 3 mches 
and 4 feet. 

Assuming the depth of tho whoel is 8 indies, draw suitable sections of 
the vanes at the three radii. 

Find also tho width of the guide blade in plan, if the upper and lower 
edges are parallel, and the lower edge makes a constant angle with the 
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plane of the wheel, eo that the etream lines at the inner and the cmter 
cipown may have the correct inclinations. 

(25) A parallel flow impulse turbine works under a head of 64 feet. 
The water is discharged from the wheel in an axial direction with a 
vdocity due to a head of 4 feot. The drcnmferontial speed of the wheel 
at its mean diameter is 40 feet per* second. 

Neglecting all frictional losses, determine the mean vane and guide 
angles, Lond. Un. 1905. 

(26) An outward flow impulse turbine has an inner diameter of 5 feet, 
an external diameter of 6 feet 8 inches, and makes 450 revolutionB per 
minute. 

The velocity of the water as it leaves the nozzles is doable the velocity 
of the periphery of the wheel, and the direction of the water makes an 
angle of 80 degrees with the drctunforence of the wheel. 

Determine the vane angle at inlet, and the angle of the vane at outlet so 
that the water shall leave the wheel radially. 

Find the theoretical hydraulic efficiency. If 8 per cent, of the head 
available at the nozzle is lost in the wheel, And the vane angle at exit that 
the water shall leave radially. 

What is now the hydraulic efficiency of the turbine ? 

(27) In an axial flow Girard turbine, let V be the velocity duo to the 
effective head. Suppose the water issues from the guide blades with the 
velocity 0*95 Y, and is discharged axially with a velocity *12 Y, Let the 
velocity of the receiving and discharging edges be 0*66 Y. 

Find the angle of the guide blades, receiving and discharging angles of 
wheel vanes and hydraulic efficiency of the turbine. 

(28) Water is supplied to an axial flow impulse turbine, having a mean 
diameter of 6 foot, and making 144 revolutions per minute, under a head of 
100 feet. The angle of the guide blade at cmtrance is 80% and the angle the 
vane malcos with the direction of motion at exit is 80% Eight per cent, of 
the head is lost in the supply pipe and guide. Determine the relative 
velocity of water and wheel at entrance, and on the assumption that 10 per 
cent, of the total head is lost in friction and shock in the wheel, determine 
tho velocity with which tho water leaves the wheel. Find the hydraulic 
efficiency of tho turbino. 

(29) The guide blades of an inward flow turbino are inclined at 80 
degrees, and the velocity U along the tip of the blade is 60 foot por second. 
The velocity of the wheel periphery is 55 feet per second. Tho guide blades 
are turned so that they are inclined at an angle of 15 degrees, the velocity 
U remaining constant. Find the loss of head due to shock at entrance. 

If the radius of the inner periphery is one-half that of the outer and the 
radial velocity tlirough the wheel is constant for any flow, and the water 
left the wheel radially in the flrst case, And the direction in which it leaves 
in the second case. Tho inlet radius is twice the outlet radius. 

(80) The supply of water to a turbine is controlled by a speed gate 
between the guides and the wheel. If when the gate is fully open the 
velocity with which the water approaches the wheel is 70 feet per second 

27 


L. H. 
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and it makes an angle of 16 degrees with the tangent to the wheeh find 
the loss ot head by shock when the gate is half closed. The velocity of 
the inlet periphery of the wheel is 76 feet per second. 

(81) A Felton wheel, which may be assumed to have semi-cylindrical 
buckets, is 2 feet diameter. The available pressure at the nozzle when it 
is closed is 200 lbs. per square indi, and the supply when the nozzle is 
open is 100 cubic feet per minute. If the revolutions are 600 per minute, 
estimate the horse power of the wheel and its efBlcienoy. 

(82) Show that the efficiency of a Felton wheel is a maximum-^ 
neglecting frictional and other losses— when the velocity of the cups equals 
hall the velocity of the jet. 

26 cubic feet of water are supplied per second to a Felton wheel through 
a nozzle, the area of which is 44 square inches. The velocity of the cups 
IS 41 feet per second. Determine the horse-power of the wheel assuming 
an efficiency of 76 per cent. 



CirAPTER X. 

CENTRIFUGAL PUMPS. 

Pumps are macWnes driven by some prime mover, and used 
for raising fluids from a lower to a higher level, or for imparting 
energy to fluids. For example, when a mine has to bo drained 
the water may be simply raised from the mine to the surface, and 
work done upon it against gravity. Instead of simply raising the 
water through a height A, the same pumps might be used to 
deliver water into pipes, the pressure in which is wh pounds per 
square foot. 

A pump can either be a suction pump, a pressure pump, or 
both. If the pump is placed above the surface of the water in 
the well or sump, the water has to be first raised by suction; 
the maximum height through which a pump can draw water, 
or in other words the maximum vertical distance the pump can 
be placed above the water in the well, is theoretically eS4 feet, but 
practically the maximum is from 25 to 30 feot. If the pump 
delivers the water to a height h above the pump, or against a 
pressure-head A, it is called a force pump. 

216 b. * Centrifugal and turbine pumps. 

Theoretically any reaction turbine could be made to work as 
a pump by rotating the wheel in the opposite direction to that in 
which it rotates as a turbine, and supplying it with water at the 
circumference, witli the same velocity, but in the invoi'se direction 
to that at which it was discharged when acting as a turbine. Up 
to the present, only outward flow pumps have been constructed, 
and, as will be shown later, difficulty would be experienced in 
starting parallel flow or inward flow pumps. 

Several typos of centrifugal pumps (outward flow) are shown 
in Pigs. 277 to 280. 

The principal difference between the several types is in the 
form of the casing surrounding tho wheel, and this form has con* 
siderable influence upon the efficiency of the pump. The reason 

* See Appendix, page aC8. 
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for tliifl can be easily seen in a general way from the following 
consideration. The water approaches a turbine wheel with a 
high velocity and in a direction making a small angle With the 
direction of motion of the inlet circumference of the whedi, and 
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Fig 277. Piagram of Centrifugal Pump. 

thus it has a large velocity of whirl. When the water leaves the 
wheel its velocity is small and the velocity of whirl should be zero. 
In the centrifugal pump these conditions are entirely reversed; 
the water enters the wheel with a small velocity, and leaves 
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it witii a lugb Telocity. If ihe case snrronndmg the wheel 
adzoita of this velocity being diminished gradually, the kinetic 
energy of the water is converted into useful work, but if not, it is 
destroyed by eddy motions in the casing, and the oiGciency of the 
pump is accordingly low. 

In Fig. 277 a circular casing surrounds the wheel, and prao- 
tioally the whole of the kinetic energy of the water when it leaves 
the wheel is destroyed; the efficiency of such pumps is generally 
much less tlian SO per cent. 



Fig, 278. ^Centrifugal Pomp with spiral casing. 


The casing of Fig. 278 is made of spiral form, the sectional 
area increasing uniformly towards the discharge pipe, and thus 
being proportional to the quantity of water flowing through the 
section. It may therefore be supposed that the mean velocity of 
flow through any section is nearly constant, and that the stream 
lines are continuous. 

The wheel of Fig. 279 is surrounded by a large whirlpool 
chamber in which, as shown later, the velocity with which the 
water rotates round the wheel gradually diminishes, and the 
velocity head with which the water leaves the wheel is partly 
converted into pressure head. 

The same result is achieved in the pump of Fig. 280 by allowing 
* See pege 66$ 
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the water as it leaves the wheel to enter giiide passages, similar to 
those uBod in a turbine to direct the water to the wheel, The 
area of these passages gradually increases and a considerable 
portion of tlio velocity head is thus converted into pressure head 
and is available for lifting water. 

This class of centiifugal pump is known as the turbine pump. 



217. Starting eentrifligal or turbine pumps. 

A centrifugal pump cannot commence delivery unless the wheel, 
casing, and suction pipe are full of water. 

If the pump is below the water in the well there is no difficulty 
in starting as the casing will be maintained full of water. 

When the pump is above the water in the well, as in Fig. 277, 
a non-return valve V must be fitted in the suction pipe, to pi event 
the pump when stopped from being drained. If the pump becomes 
empty, or when the pump is first set to work, special means have 
to be provided for filling the pump case. In large pumps the air 
may be expelled by means of steam, which becomes condensed and 
the water rises from the well, or they should be provided with 
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an air-pump or ejector as an auxiliary to the pump. Small pumps 
can generally be easily filled by hand through a pipe buch as 
shown at P, Fig. 280. 

With some classes of pumps, if the pump has to commence 
delivery against full head, a stop valve on the rising mam, 
Fig. 296, is closed until the pump has attained the speed necessary 
to commence delivery*, after which the stop valve is slowly 
oi>enod. 



lig 2H0 Turbmt Pump. 

It mil be seen later that, under special circumstances, other 
provisions will have to be made to enable the pump to commence 
delivery. 

218. Form of the vanes of centrifugal pumps. 

The conditions to be satisfied by the vanes of a centrifugal 
pump are exactly the same as for a turbine. At inlet the direction 
of the vane should be parallel to tho direction of the relative 
velocity of tho water and the tip of the vane, and the velocity 
with which the water leaves the wheel, relative to the pump case, 
is the vector sum of the velocity of the tip o£ tho vane and the 
velocity relative to tho vane. Between inlet and outlet the vanes 
may, as shown on page 366, have the involute fornu 

* S«e page 436, 
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Suppose tlie wheel and casing of Fig. 277 is full of Water, and 
the wheel is rotated in the direction of the arrow wi(& such a 
velocity that water enters the wheel in a known direction with a 
velocity U, Fig. 28 J, not of necessity radial. 

Let V he the velocity of the receiving edge of the vane or inlet 
circumference of the wheel; Vi the velocity of the discharging 
circumference of the wheel; XJi the absolute velocity of the water 
as it leaves the wheel; V and Yt the velocities of whirl at inlet 
and outlet respectively; Vr and Vr the relative velocities of the 
water and the vane at inlet and outlet respectively; u and Ui the 
radial velocities at inlet and outlet respectively. 

The triangle of velocities at inlet is AOD, Fig. 281, and if the 
vane at A, Fig. 277, is made parallel to CD the water will enter 
the wheel without shook. 
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Fig. 281. 


The wheel being full of water, there is continuity of flow, and 
if A and Ai are the circumferential areas of the inner and outer 
circumferences, the radial component of the velocity of exit at the 
outer circumference is 



If the direction of the tip of the vane at the outer circum- 
ference is known the triangle of velocities at exit, Fig. 281, can be 
drawn as follows. 

Set out BG radially and equally to and BE equal to Vi. 

Draw GF parallel to BE at a distance from BE equal to tei, 
and EP parallel to the tip of the vane to meet GF in P. 

Then BF is the vector sum of BE and EF and is the velocity 
with which the water leaves the wheel relative to the fixed casing. 


219. Work done on the water by the wheel. 

Let B and r be the radii of the discharging and receiving 
circumferences respectively. 

The change in angular momentum of the water as it passes 
though the wheel is ViR/p + Vr/p per pound of flow, the plus 
sign being used when V is in the opposite dii-ection to Vi, as in 
Fig. 281. 
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Kegleotinsr frictional and other losses, work done by the 
wheel on the water per ponnd (see page 275) is 

YiVi Vv 

* ' ' i ' " • 

9 9 

H U is radial, as in Fig. 277, T is zero, and the work done on 
the water by the wheel is 

foot lbs. per lb. flow, 

9 

If then H#, Fig. 277, is tho total height throngh which the water 
is lifted from the sump or well, and ttd is the velocity with which 
the water is delivered from the delivery pipe, the work done on 
each pound of water is 


TT 4.% 

9 2g 


and therefore, 


Let (180* - be the angle which the direction of the vane at 
exit makes with the direction of motion, and (180* - 9) the angle 
which the vane makes with the direction of motion at inlet. Then 
AOD is 6 and BEF is 

In the triangle HEF, HE « HF cot and therefore, 

Vi = — «i cot 

The theoretical lift, therefore, is 




_ «i (ei-wicot^) 

9 ' 

If Q is the discharge and Ai the peripheral area of the dis* 
charging circumference, 

-Q 

'"A? 


ttj ‘ 


Q 


and 


H = 


cot ^ 

~~9 


.( 1 ). 


K, therefore, the water enters the wheel without diork and all 

resistances are neglected, the lift is independent of the ratio — , and 

depends only on the velocity and inclination of tho vane at the 
dii^harging ciroomfercnce. 


220. Ratio of to v^. 

As in the case of the turbint., for any given head H, Vi and Vt 
can theoretically have any values consistent with the product 
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YiVi being equal lo pH, the ratio of Vi to simply depending upon 

the magnitu^ of the angle <l>. 

The greater the angle 4 is made the less the relooily of the 
periphery must be for a given lilt. 



Fig. 282. 


This is shown at once hy equation (1), section 219, and is 
illustrated in Fig. 282. The angle is given three values, 
SO degrees, 90 degrees and 150 degrees, and the product YjVj and 
also the radial velocity of flow % are kept constant. The theo- 
retical head and also the discharge for the three cases are there- 
fore the same. The diagrams are drawn to a common scale, and it 
can therefore be seen that as ^ increases Vi diminishes, and Ui 
the velocity with which the water leaves the wheel increases. 

221. The kinetio energy of the water at exit from the 
wheel. 

Part of the head H impressed upon the water by the wheel 
increases the pressure head between the inlet and outlet, and the 
remainder appears as the kinetic energy of the water as it leaves 


CBNTRIFUGAIi PUMPS 


427 


U * 

the wheel. This Icinetio energy is equal to and can only be 

utilised to lift the water if the velocity can be gradually diminished 
so as to convert velocity head into pressure head. This however 
is not very easily accomplished^ without being accompanied by a 
considerable loss by eddy motions. If it be assumed that the same 


U* . 

proportion of the head ^ in all cases is converted into useful 

work, it is clear that the greater TJi, the greater the loss by eddy 
motions, and the less efficient will be the pump. It is to be ex-* 
pocted, therefore, that the less the argle the greater will be 
the efficiency, and experiment shows that for a given form of 
casing, the efficiency docs increase as ^ is diminished. 


222. Gross lift of a centrifugal pump. 

Let ha be the actual height through which water is lifted; 
hg the head lost in the suction pipe ; hd the head lost in the delivery 
pipe ; and Ua the velocity of flow along the delivery pipe. 

Any other losses of head in the wheel and casing are incident 

7 / ® 

to the pump, but Tia, and the head - should be considered as 


external losses. 

The gross lift of a pump is then 

fc=A<. + ^. + 7.4 + 2j. 

and this is always less than H. 


223. Efficiencies of a centrifogal ptunp. 

h 

Manometric (^ffideney. The ratio g , or 

(f.h 

S » 

V - "a ^ 

is the mnnoraetrio efficiency of tlie pump at normal discharge. 

The reason for specifically defining e as the niaiiomet»io 
efficiency at normal discharge is simply that the theoretical lift H 
has been deduced from consideration of a definite discharge Q, 
and only for this one discharge can the conditions at tLc inlot edge 
bo as assumed. 

A more general definition is, however, generally given to e, and 
for any discharge Q, therefore, the manometric efficiency may 
be taken as the ratio of the gross lift at that discliui'ge to the 
theoretical head 

Vi® — cot 

Aj 


9 
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This manometric efficiency of the pnmp must not be confused 
with the efficiency obtained by dividing the work done by the 
pomp, by the energy required to do that work, as the latter in 
many pumps is zero, when the former has its maximum value. 

Sydraulic efficiency. The hydraulic efficiency of a pump is 
the ratio of the gross work done by the pump to tlie work done 
on the pump wheel. 

Let W - the weiglit of water hfted per second. 

Let A»the gross head 

liot E - the work done on the pump wheel in foot pounds 
per second. 

Let Bh = the hydraulic efficiency. Then 

The work done on the pump wheel is less than the work done 
on the pump shaft by the belt or motor which drives the pump, 
by an amount equal to the energy lost by friction at the bearings 
of the machine. This generally, in actual machines, can be 
approximately determined by running the machine without load. 

Actual efficiency. From a commercial point of view, wliat is 
generally required is tlie ratio of the usoiul work done by the 
pump, taking it as a whole, to the work done on the pump shaft. 

Let Sf be the energy given to the pump shaft por sec. and 

the mechanical efficiency of the pump, then 

E»E«.em» 

and the actual efficiency 

Oto 88 efficiency of the pump. The gross efficiency of the pump 
itself, including mechanical as well as fluid losses, is 

W.h 

224. Experimental determination of the effloienoy of a 
oentrifogal ptunp. 

The actual and gross elBciencies of a pump can be dotormmed 
directly by experiment, but the hydrauhe efficiency can only be 
determined “WThen at aU loads the mechanical efficiency of the 
pump is kno-wn. 

To find the actual efficiency, it is only necessary to measure 
the height tlu’ough which water is lifted, the quantity of water 
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m, 

discharged, and the energy Eli giren to the ptunp shaft in unit 
tune, 

A vory convenient method of determining E« with a fair 
degree of accuracy is to drive the pump shaft direct by an electric 
motor, the efficiency curve* for which at varying loads is known. 
A better method is to use some form of transmission dynamo- 
meter t. 


225. Design of pump to give a discharge Q. 

If a pump is required to give a discharge Q under a gross 
lift h, and from previous experience the probable manometrio 
efficiency e at this discharge is known, the problem of determining 
suitable dimensions for the wheel of the pump is not difficult. 
The difficulty really arises in giving a correct value to e and in 
making proper allowance for leakage. 

This difficulty will be bettor appreciated after the losses in 
various kinds of pumps have been considered. It will then be 
seen that e depends upon the angle the velocity of the wheel, 
the dimensions of the wheel, the form of the vanes of the wheel, 
the discharge through the wheel, and upon the form of the casing 
surrounding the wheel; the form of tlie casing being just as 
important, or more important, than the form of the wheel in 
determining the probable value of 6. 

Design of the wheel of a pump for a given discharge under a 
given head. If a pump is required to give a discharge Q under an 
effective head h«, the gross head h can only be determined if h,, 


hd, and , are known. 

Any suiiable value can bo given to the velocity Vd> If the 
pipes are long it should not be much greater than 5 foot per second 
for reasons explained in the cliapter on pipes, and Uie velocity Ug 
in the suction pipe should be equal to or loss than The 
velocities and Ud having been settled, the losses A, and ha can be 
approximated to and the gross head h found. In the suction pipe, 
as explained on i>ago 422, a foot valve is generally fitted, at which, 
at high velocities, a loss of head of several feet may occur. 
The angle is generally made from 10 to 90 degrees. Ikeoreti- 
cally, as already stated, it can be made much greater than 
90 degrees, but the efficiency of ordinary centrifugal pumps might 
be very considerably diminidiod as ^ is increased. 

The manometrio efficiency e varies very considerably; with 
radial blades and a circular casing, the efficiency is not generally 


* See Electrical Engbuering^ Thomalen-Howe, p. 195. 
t See paper by Stanton, Proc, Jtiet Meek. Engs.^ 1903. 
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more than 0*8 to 0*4. With a vortex chamber, or a spiral casing, 
and the vanes at inlet inclined so that the tip is parallel to the 
relative velocity of the water and the vane, and not greater than 
90 degrees, the manomotric efiGioiency e is from 0*5 to 0*75, being 
greater the less the angle and with properly designed guide 
blades external to the wheel, e is from 0*6 to *85. 

The ratio of the diameter of the discharging circumference to 
the inlet circumference is somewhat arbitrary and is generally 
made from 2 to 3. Except for the difficulty of starting (see 
section 226), the ratio might with advantage be made much 
smaller, as by so doing the frictional losses might be considerably 
reduced! The radial velocity Ui may be taken from 2 to 10 feet 
per second. 

Having given suitable values to w, and to any two of the three 
quantities, e, t?, and the third can be found from the equation 

e (vi - ViUi cot 
9 

The internal diameter d of the wheel will generally be settled from 
consideration of the velocity of flow into the wheel. This may 
be taken as equal to or about equal to u, but in special cases 
it may be larger than u. 

Then if the water is admitted to the wheel at both sides, as in 
Fig. 278, 

from ivhicli d can be calculated wben and Q are known. 

Let h be the width of the vane at inlet and H at outlet, and D 
the diameter of the outlet circumference. 


Then 


b = 


Q_ 

irdu* 


and 


b=-Q- 


If the water moves toward the vanes at inlet radially, the 
inclination 9 of the vane that there shall be no shock is such that 


tau^ = 

and if guide blades are to be provided exterual to tho wheel, as in 
Pig. 280, the inclination a of the tip of the guide blade with the 
direction of Vi is found from 

tan a = ^ . 

The guide passagos should be so proportioned that the velocity 
TJi w gradually diminished to the velocity in the delivery pipe. 
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limiting velocity of the rim of the wheel. Quite apart from 
head lost by friction in the wheel due to the relative motion of 
the water and the wheel, there is also considerable loss of energy 
external to the wheel due to the relative motion of the water and 
the wheel. Between the wheel and the casing there is in most 
pumps a film of water, and between this film and the wheel, 
frictional forces are set up which are practically proportional to 
the square of the velocity of the wheel periphery and to the area 
of the wheel crowns. An attempt is frequently made to diminish 
this loss by fixing the vanes to a central diaphragm only, the 
wheel thus being without crowns, the outer casing being so 
formed that there is but a small clearance between it and the 
outer edges of the vanes. At high velocities these frictional resist- 
ances may be considerable. To keep thorn small the surface of 
the wheel crowns and vanes must be made smooth, and to this 
end many high speed wheels are carefully finished. 

Until a few years ago the peripheral velocity of pump wheels 
was generally less than 50 feet per second, and the best velocity 
was supposed to be about 30 feet per second. Tliey are now, how- 
ever, run at much higher speeds, and the limiiing velocities are 
fixed from consideration of the stresses in the wheel duo to centri- 
fugal forces. Peripheral velocities of nearly 200 feet per second 
are now frequently used, and Rateau has constructed small pumps 
with a peripheral velocity of 250 feet per second*. 


Example. To Sad the proportions of a pump with radial blades at outlet 
{ue. 0=90*^) to lift 10 cubic feet of water per secoud agaiust a head of 50 loot. 

Assume there aie two suction pipes and that the water enters the whed from 
both Bides, as in Fig. 273, also that the velocity in the suction and delivery pipes 
and the radial velocity thiough the wheel are 6 feet per second, and the znanometrio 
efficiency is 75 per cent. 


First to find v^. 

Since the blades are radial, 



from which feet per see. 

To find the diameter of the suction pipes. 

The discharge is 10 cubic feet per second, therefore 


2. jd».6=10, 


Ii'om which d=l-03'=12J". 

If the radius B of the external circumferenoc be taken as 2r and r is taken equal 
to the ladiuB of the suction pipes, then and the number of revolutions 

per second will be 


46 

2.*-. 1-03 


=7*1. 


The v^city of the inner edge of the vane is 
vs 23 feet per see. 


Ji^nyineer, 1902. 



H7DBAULICS 


The ikiolififtiion of the tana at inlet that the mter nay mote on to the taiie 
withont ehook is 

taaO»A, 

and the water when it leatee the wheel makes an angle a with snc^ that 

tanas-^. 

If there are guide blades surrounding the wheel, a gives the inelination of these 
blades. 

The width of the wheel at discharge is 

Q ggf .259' 

w.DTF ». 2 06 x 6 ^ 

s:8t inches about. 

The width of the wheel at inlet =6^ inches. 

226. The centrifugal head impressed on the water by 
the wheel. Forced Vortex. 

B'ead against which a pump will commence to discharge. As 
shown on page 335, the centrifugal head impressed on the water as 
it passes through the wheol is 

ii ^ 

^^^2g^2g* 

but this is not the lift of the pump. Theoretically it is the head 
which will be impressed on the water when there is no flow 
through the wheel, and is accordingly the difference between the 
pressure at inlet and outlet when the pump is first set in motion ; 
or it is tho statical head which the pump will maintain when 

running at its normal speed. If this is less than — , the pump 

theoretically cannot start lifting against its full head without 
being speeded up above its normal velocity. 

The centrifugal head is, however, always greater than 

~2g 2g^ 

as the water in the oye of the wheel and in the casing surrounding 
the wheel is made to rotate by friction. 

For a pump having a wheel seven inches diameter surrounded 
by a circular casing 20 inches diameter, Stanton* found that, when 
the discharge was zero and the vanos were radial at exit, he was 




l-12u« 


•-J 5 — , and with curved vanes, ^ bemg 80 degrees, h„ was - 75 — . 

For a pump with a spiral case surrounding the wheel, the 
centrifugal head he when there is no discharge, cannot be much 

greater than as the water surrounding the wheel is prevented 

from rotating by the casing being brought near to the wheel at 
one point* 


* FroeeedingM Imt, AT. 1?., 1908. 
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Parsons found for a pump having a wheel 14 incho«i diameter 
with radial vanes at outlet, and running at 300 revolutions per 

minute, that the head maintained without discharge was , 

and with an Appold* wheel running at 320 revolutions por minute 

the statical head was — ^ — • For a pump, with spiral casing, 

having a rotor 1*54 feet diameter, the least velocity at which 
it commenced to discharge against a head of 14*67 feet was 

*95y * 

392 revolutions por minute, and thus K was • ;y ■ , and the least 
velocity against a head of 17*4 feet was 424 revolutions per 
minute or he was again . I^ot a pump with circular casing 

larger than the wheel, he was — — • Por a pump having guide 

passages surrounding the whet‘l, and outside the guide passages 
a circular chamber as in Fig. 280, the centrifugal head may also 

be larger than the mean actual value for this pump was 
found to be 1*087^. 

Stanton found, when the seven inches diameter wheels mentioned 
above discharged into guide passages surrounded by a circular 

l*48v * 

chamber 20 inches diameter, that ho was “ 2 ^“ when the vanes of 

the wheel wore radial, and when 0 was 30 degrees. 

That the centrifugal head when the wheel has radial vanes is 
likely to be greater than when the vanes of the wheel are set back 
is to be seen by a consideration of the manner in which the water 
in the chamber outside the guide passages is probably set in 
motion. Fig. 283. Since there is no discharge, this rotation cannol 
be caused by the water passing through the pump, but must be 
due to internal motions set up in the wheel and casing. The 
water in the guide chamber cannot obviously rotate about the 
axis O, but there is a tendency for it to do so, and consequently 
stream line motions, as shown in the figure, are probably set 
up. The layer of water nearest the outer circumfci'ence of the 
wheel will no doubt be dragged along by friction in the direction 
shown by the arrow, and water will flow from tho outer casing to 
take its place ; the stream lines will give motion to the water in 
the outer casing. 

• flee 442. 

L. n. 28 



484 


HTt>aAxrucs 


Wibea the TaneB in the wheel are radial and as long w a vane is 
xDxmi^ between any two gnide vanes, the straight vane preivents 
the friction between the water outside the wheel and that inside, 
from dragging the water backwards along the vane, bat when the 
vane is set back and the angle ^ is greater than 90 degrees, there 
will be a tendency for the water in the wheel to move bacWards 
while that in the guide chamber moves forward, and consequently 
the velodly of the stream lines in the casing will be less in the 
latter case *tiian in the former. In either case, the general 
direction of flow of the streazh lines, in the guide chamber, will 
be in the direction of rotation of the wheel, but due to friction 
and eddy motions, even with radial vanes, the velocity of the stream 



Fig. 283. 


lines will bo less than the velocity Vi of the periphery of the wheel. 
Just outside the guide chambers the velocity oi rotation will be 
less than vi> In the outer chamber it is to be expected that the 
water will rotate as in a free vortex, or its velocity of whirl vrill 
be inversely proportional to the distance from the centre of the 
rotor, or will rotate in some manner approximating to this. 

The head lohich a pump, with a vortex diamher, mil theoreti- 
eaXly maintain when the discharge ia zero. In this case it is 
probable that as the discharge approaches zero, in addition to the 
water in the wheel rotating, the water m the vortex chamber will 
also rotate because of friction. 
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The oentrifogol Head doe to the water in the wheel is 

2g 2g‘ 

8 17 * 

If E*2r, this heoomes j 

The centrifugal head due to the water in the ohamher is, 
tig. 284, 

f^v Vo*dr 
Jr» ffr» * 

r» and v„ being the radius and tangential velocity respectively of 
any ring of water of thickness dr. 



If it be assumed that is a constant, the centrifugal head 
du 0 **to the vortex chamber is 


ViTi f^dr _ v*Ti* 


(rl* i*)- 


Jfw n* 2g 
The total centrifugal head is then 

i ■ OiViV 1 l_\ 

'^•~2g~2g* 2g\r.* 1{,V* 
If fw is 2r and is 2r«, 




2g 


The conditions here assumed, however, give h, too high. In 

l*12t7 * 

Stanton’s experiments h, was only — ^ - . Deoouer from experi* 


28—2 
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mentB on a small pump with a vortex chamber, the diameter bang 
about twice the diameter of Ihe wheel, found ha to be . 

Let it be assumed that h, is in any pump, and that the lift 

of the pump when working normally is 

j^_eYiVi_ e jvi-ViUi oot^) 

^ ~mv* ^ 

Then if h is greater than , the pump will not commence to 

discharge unless speeded up to some velocity Vt such that 
fHiVi e (v* -ViUi cot 
^ g 

After the discharge has been commenced, however, the speed 
may be diminished, and the pump will continue to deliver against 
the given head*. 

For any given values of m and e the velocity v* at which delivery 
commences decreases with the angle If is 90 or greater than 
90 degrees, and m is unity, the pump will only commence to 
discharge against the normal head when the velocity is Ui, if the 
manometric efficiency e is less than 0'5. If is 30 degrees and m 
IB unity, is equal to Vi when e is 0'6, but if ^ is 150 degrees v* 
is equal to Vi when c is 0'428. 

Nearly all actual pumps are run at such a speed that the 
centrifugal head at that speed is greater than the gross head 
against which the pump works, so that there is never any 
difficulty in starting the pump. This is accounted for (1) by the 
low manometric efficiencies of actual pumps, (2) by the angle ^ 
never being greater than 90 degrees, and (3) by the wheels being 
surrounded by casings which allow the centrifugal head to be 

greater than 

It should be observed that it does not follow, bocause in many 
cases the manometric efficiency is small, the actual efficiency of 
the puiqp is of necessity low. (See Fig. 287.) 

2l2T. iBeadrvelooity curve of a centrifugal pump at sero 
disohaige. 

For any centrifugal pump a curve showing the head against 
which it will start pumping at any given speed can easily be 
determined as follows. 

On the delivery pipe fit a pressure gauge, and at the top 

* Bee pagoa 438» 446 axid 608. 
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of the saotion pipe a Tacamn gauge. Start the pump mth 
the delivery valve closed, and observe the pressure on the two 
gauges for various speeds of the pump. Let p be the absolute 
pressure per sq. foot in the delivery pipe and pi the absolute 

pressure per sq. foot at the top of the suction pipe, then ^ ~ ^ 
is the total centrifugal head h,. 



Fig. 28'>. 

A curve may now be plotted similar to that sbown in Fig. 285 
which has been drawn from data obtained from the pump shown 
in Fig. 280. 

When the head is 44 feet, the speed at which delivery would 
just start is 2000 revolutions per minute. 

On reference to Fig. 293, which shows the discharge under 
different heads at various speeds, the discharge at 2000 revolutions 
per minute when the head is 44 feet is seen to be 12 cubic feet 
per minute. This means, that if the pump is to discharge against 
this head at this speed it cannot deliver less than 12 cubic feet 
per minute. 

228. Variation of the discharge of a centrifugal pump 
with the head when the speed is kept constant*. 

Sead-discha/rge curve at constant velocity. If the speed of a 
centrifugal pump is kept constant and the head varied, the dis- 
charge varies as shown in Figs. 286a, 287, 289, and 292. 

* See also page 445. 
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The corre No. 2, Fig. 286a, ahows the variation of the head 
with discharge for the pump shown in Fig. 280 when running at 
1950 revolutions per minute; and that of Fig. 287 was plotted 
from experimental data obtained by M. Kateau on a pump having 
a wheel 11*8 inches diameter. 

The data for plotting the curve shown in Fig. 280* was 
obtained from a large centrifugal pump having a spiral chamber. 
In the caso of the dotted curve the head is always less than the 
centrifugal head when the flow is zero, and the discharge against 
a given head has only one value. 



RcuditVeUnily non fhnn, VheeU 


Fig. 286a. Head-diaohaxge ourve for Uentnfngal Pomp. Velooity Constant. 



In Fig. 287 the discharge when the head is 80 feet may be 
either *9 or 8*5 cubic feet por minute. The work required to drive 
the pump will be however very different at the two discharges, 
and, as ^own by the curves of offlcioncy, the actual efficiencies 
for the two discharges are very different. At the given velocity 
therefore and at 80 feet head, the flow is ambiguous and is 
unstable, and may suddenly change from one value to the other, 
or it may actually cease, in which case the pump would not start 
again without the velocity Vi being increased to 70*7 fedt per 
second, llxis value is calculated from the equation 


mV 

2g 



* Proeuding* xutt. Mteh. Evgt., 1903. 
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tiiie coefficient m &>r tlus pump being 1'02. For the flow to be 
stable when delirering against a head of 80 feet, the pump should 
be run with a rim vdocity greater than 70'7 feet per second, in 
which case the discharge cannot be less than 4^ cubic feet per 
minute, as shown by the velooity-discharge curve of Fig* 287* 
The method of determining this curye is discussed later* 

Pump WheA fl'Sdlcatu 
Pevs, per minute 1280. 




Vi'^G6%erscc 


uischjorge uv c,ft. per muu. 


Example. A oontiifngal ptimp, when disoharfi^ng nonnally, has a peripheral 
v^ocitj of ^60 feet per second. 

The angle 4> at exit is 30 degrees and the xnauometrio efficionpy is GO per oent 
The radial vdocitj of flow at exit is 2tjh, 

Determine the lift h and the velocity of the wheel at which it will stare delivery 
tinder foil head. 

fc=o-ey. 

y.. 60 -(8^) 008 130 
mSO-l-Itjk. 
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Th^to. 

g ' 

from which hssS7 feet. 

Let V 2 be the velocity of the rim of the wheel at which pumping commences. 
Then aseuming the oentrifagal head, when there is no disoharge, is 

2 ^ ’ 

02=48*6 ft. per sec. 

229. Bernoulli’s equations applied to centrifugal pumps. 

Cousidor the motion of the water in any passage between two 
consecutive vanes of a wheel. Let p be the pressure at inlet, pi at 
outlet and p® the atmospheric pressure per sq. foot. 

If tho* wheel is at rest and the water passes through it in 
the same way as it does whon the wheel is in motion, and all 
losses are neglected, and the wheel is supposed to be horizontal, by 
Bernoulli’s equations (see Fig. 277), 

= («■ 

w 2g w 2g ' ' 

Bat since, due to the rotation, a centrifagal head 

® 

is impressed on the water between inlet and outlet, therefore, 

2i + 3?!l=£ + Z!l + 2!l_J^ 

w*2g w*2g*2g 2g 

w w 2g 2g* 2g 2g 

From (3) by substitution as on page 337, 

( 6 ), 

w 2g w 2g g g ^ 

and when XJ is radial and therefore equal to Uy 

+ ^ + ( 0 ). 

w 2g w 2g g ^ ' 

If now the velocity Ui is diminished gradually and withont 
shock, so that the water leaves the delivery pipe with a velocity 
Udi and if frictional losses be neglected, the height to which the 
water can be lifted above the centre of the pump is, by Bernoulli’s 
equation, 

( 7 ). 

w 2g w 2g ^ ' 

If the centre of the wheel is Jh feet above the level of the water 

in the sump oi well, and the water in the well is at rest, 
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Sabstituting from (7) and (8) in (6) 




This result verifies the fundamental equation given on page 425. 
Furtlier from equation (6) 


Pi TTiV, p ^*=:TT \ 
w 2g w 2g ^ 2g * 


EravipU. The centre of a centrifugal pump is 16 feet above the level of the 
water in the sump. The total lift is 60 feet and the velocity of discharge from the 
delivery pipe is 6 feet per second. The angle 0 at discharge is 135 degrees, and 
the radial velocity ot flow through the wheel is 6 foet per second. Assuinmg there 
are no lobses, find the pressure head at the inlet and outlet circumfeieuces. 

At inlet £= 34 '_ 16 '_^ 

w 64 

= 18-6 feet. 

The radial velocity at outlet is 

tijsrS feet per second, 


and 

and thereforo, 
from which 


_Via+WiWiCot45® . 25 
p g “®®+64* 

t,j*+5Oi=1040 (1), 

02=41*6 feet per second, 


and 
Then 

The pressure head at outlet is then 

V). 


ix 

'^0 


’^^*=34 feet. 


w w 2g 

=45 feet. 


To find the velocity Oj when <p is made 30 degrees* 


therefore (1) becomes 

from which 

and 


cot 0= a/3, 
Vi»-6a/3.Oi=1940, 
V]=48*6 ft. per sec. 

^2=40 I, ,, 


Then 


Hl= 25-4 feot, and ^ --53-6 feet. 
2g w 


230. Losses in centrifdgal pumps. 

The losses of head in a centrifugal pump are due to the same 
causes as the losses in a turbine. 

Loss of head at exit. The velocity ITi with which the water 
leaves the wheel is, however, usually much larger than in the 
case of the turbine, and as it is not an easy matter to diminish 
this velocity gradually, there is generally a much larger loss of 
velocity head at exit from tho wheel in the pump than in tho 
turbine. 
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Id many of the earlier pumps, which had radial vanes at exit, 

the whole of the velocity head ^ was lost, no special precanttons 

being taken to dimmish it gradually and the efficiency was 
constantly very low, being less than 40 per cent. 

The effect of the angle ^ on the ^dency of the pvmp. To 
increase the efficiency Appold suggested that the blade should be 
set back, the angle being thus less than 90 degrees, Fig. 277. 

Theoretically, the effect on the efficiency can be seen by 
considering the throe cases considered in section 220 and illustrated 

in Fig. 282. When ^ is 90 degrees ^ is ’5411, and when ^ is 

tr* 

80 degrees ^ is *86H. If, therefore, in these two cases this head 

is lost, while the other losses remain constant, the efficiency in 
the second case is 18 per cent, greater than in the first, and the 
efficiencies cannot be greater than 46 per cent, and 64 per cent, 
respectively. 

In general whon there is no precaution taken to utilise the 
energy of motion at the outlet of tlie wheel, the theoretical lift is 


IT _ 


.(», 


and the maximum possible manometric efficiency is 

U,* 


s = l- 


2V,v,* 


Substituting for Yj, Vi-Ui cot 4>, and for U,®, Y,* + 1 *,*, 

Ti I* «i* t J 

_ (vi — tt| cot 4>)* + n* 

^ ® ~ 2 (pi — ViVn cot <l>) 

_ Ui* -«1*C030C*<^ 

~ 2vi(vi- Ui cot ffd’ 

When Vi is 30 feet per second, «, 5 feet per second and ^ 
30 degrees, e is 62‘5 por cent, and when ^ is 90 degrees e is 
48'6 per cent. 

Experiments also show that in ordinary pumps for a given lift 
and discharge the efficiency is gn^eater the smaller the angle 

Parsons* found that when ^ was 90 degrees the efficiency of a 
pump in which the wheel was surrounded by a circular casing 
was nearly 10 per cont. less than whon the angle ^ was made 
about 15 degrees. 

* l>rocec(liit(t« Itwt. O. E., VoL XLvn. p. 278. 
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Stanton found that a pump 7 inches diameter having radial 
vanes at discharge had an efficiency of 8 per cent, less than when 
the angle ^ at delivery was 80 degrees. In the first case the 
maximum actual efficiency was only 89*6 per cent., and in the 
second case 50 per cent. 

It has been suggested by Dr Stanton that a second reason for 
the greater efficiency of the pump having vanes curved back at 
outlet is to be found in tlio fact that with these vanes the variation 
of tho relative velocity of the water and the wheel is less than 
when tho vanes are radial at outlet. It has boon shown experi- 
mentally that when the section of a stream is diverging, that is 
the velocity is diininisliing and the pressure increasing, there is 
a tendency for Ihe stream lines to flow backwards towards tho 
sections of least pressure. These return stream linos cause a loss 
of energy by eddy motions. Now in a pump, when tho vanes are 
radial, there is a greater difference between the relative velocity 
of the water and the vano at inlot and outlet than when tho angle 
is less than 90 degrees (see Fig. 2S2), and it is probable there- 
fore that there is more loss by eddy motions in tho wheel in the 
former case. 

Loss of head at entry. To avoid loss of head at entry tho vane 
must be parallel to the relative velocity of tho water and the 
vane. 

Unless guide blades aro provided tho exact direction in which 
tho water approaches the edge of tho vane is not known. If there 
wore no friction between tho water and the eye of the wheel it 
would be expected that the stream linos, which in the suction pipe 
are parallel to tlic sides of tho pipe, would be simply turned to 
approach the vanes radially. 

It has already been seen that when there is no flow tho water 
in the eye of the wheel is made to rotate by friction, and it is 
probable that at all flows the water has some rotation in the eye 
of the wheel, but as the delivery increases the velocity of rotation 
probably diminishes. If the water has rotation in the same 
direction as the wheel, the angle of the vane at inh t will clearly 
have to be larger for no shock than if the flow is radial. Tliat 
the water has rotation before it strikes the vanos seems to be 
indicated by tho experiments of Mr Livens on a pump, the vanes 
of which were nearly radial at the inlet edge. (ISoo section 286.) 
The efficiencies claimed for this pump are so high, that there 
could have been very little loss at inlet. 

If the pump has to work under variable conditions and the 
water be assumed to enter the wheel at all discharges in the same 
direciioni the relative velocity of the water and the edge of the 
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vane can only be parallel to the tip of tbe vane for one discbarge, 
and at other discharges in order to make the water move along 
the vane a sudden velocity must be impressed upon it, which 
causes a loss of energy. 

Let Ma, Fig, 288, be the velocity with which the water enters a 
wheel, and B and v the inclination 
and velocity of the tip of the vane |^ - ->! 

at inlet respectively. 

The relative velocity of u% and v 
is V/, the vector difEerence of 
and V. 

The radial component of flow 
through the opening of the wheel 
must be equal to the radial com- 
ponent of tAa, and therofoice the 

relative velocity of the water along the tip of the vane is Vr. 

If is assumed to be radial, a sudden velocity 



has thus to be given to the water. 

If has a component in the direction of rotation Ug will be 
diminished. 

It has been shown (page 67), on certain assumptions, that if 
a body of water changes its velocity from Va to Vd suddenly, the 

head lost is — —j or is the head due to the change of velocity. 

In this case the change of velocity is and the head lost may 

reasonably be taken as - 5 -^. If & is assumed to be unity, the 

^9 

effective work done on the water by the wheel is diminished by 

_ (v-thcoi&y 

2gr 

If now this loss takes place in addition to the velocity head 
being lost outside the wheel, and friction losses are neglected, 
then 

(tJ-W2COt^)* 

9 2p 29 

2-1. (v—v^cotOy 
2flf 2 g ^ 2 g 


29 29 Ai 


j cosec* ^ - 




f?i* V® tt,® , , . 

' o — < 7 “ - TT cosee* 9 + 
2p 2 g 2 g 


^9 

2vih cot B 
2 ? 
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ExampU, The radial velocity of flow throuf^h a pump is 5 feet per eeoond. 
The auRle 0 is SO degrees and the angle 0 is 15 degrees. The velocity ol the 
outer oiroumference is 60 feet per see. and the radius is twice that of the inner 
circumference. 

Find the theoretical lift on the assamption that the whole of the kinetic energy 
is lost at exit 



— oosec*80®- 
2<7 


(25 -5 cot 15°)* 
2g 


s:87-0 feet 


The theoretical lift neglecting all losses is Cl*2 feet, and the manometrio 
efficiency is therefore 68 per cent. 


231. Variation of the head with discharge and with the 
speed of a centrifugal pump. 

It is of interest to study by means of equation (1), section 230, 
the variation of the discharge Q with the velocity of the pump 
when h is constant, and the variation of the head with the 
discharge when the velocity of the pump is constant, and to 
compare the results with the actual results obtained from 
experiment. 

The full curve of Fig. 289 shows tho variations of the head 
with the discharge when the velocity of a wheel is kept constant. 
The data for which the curve has been plotted is indicated in 
the figure. 



Fig. 289. Head-discharge curve at constant velocity. 


When the discharge is zero 
2g 2g 

The velocity of flow at outlet has been assumed equal to 
^ at inlet. 

Values of 1, 2, etc. were given to ^ and the corresponding 
values of h found from equation (1). 
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When the discharge is normal, that is, the -water enters the 

wheel -without shock, ^ is 4 feet and h is 14 feet. The theoretioal 

head assuming no losses is then 28 feet and the manometrio 

effieienc 7 is thus 50 per cent. For less or greater values of ^ 

the head diminislies and also the efficiency. 

The curve of Fig. 290 sho-ws how the flow -varies with the 
velocity for a constant valao of It, which is taken as 12 feet. 



Fig. 290. VpToelty-diiiohaTge onive at constant head for Oentrifogal Pomp. 

It will be seen that when the velocity -Pi is 31’9 feet per second 
the velocity of discharge may be either zero or 8*2 feet per second. 
This means that if the head is 12 feet, the pump, theoretically, 
will only start when the velocity is 31*9 feet per second and the 
velocity of discharge -will suddenly become 8*2 feot per second. 
If now the -velocity Oi is diminished the pump still continues to 
discharge, and -nUl do so as long as Oi is greater than 26*4 feet per 
second. The flow is however unstable, as at any velocity «o it may 
suddenly change from CE to CD, or it may suddenly cease, and it 
-will not start again until Vj is increased to 31*9 feet per second. 

232. The effect of the variation of the centrifugal head 
and the loss by friction on the discharge of a pump. 

If then the losses at inlet and outlet wore as abo-ve and were 
the only losses, and the centrifugal head in an actual pump -was 
equal to the thcorotical centrifugal head, the pump could not be 
made to deliver water against the normal head at a small velocity 
of discharge. In the case of the pump considered in section 231, 
it could nut safely be run -with a rim velocity loss than 31*9 ft. 
per sec., and at any greater velocity the radial velocity of flow 
could not be less than 8 feet per second. 
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In actual pamps^ however, it has been seen that the centrifugal 
head at commencement is greater tlian 

2g^2g^ 

Tlioro is also loss of head, which at high volocitios and in small 
pumps is considerable, due to friction. These two causes consider- 
ably modify the head-discharge curve at constant velocity and the 
velocity-discharge curve at constant head, and the centrifugal 
head at the normal speed of the pump when the discharge is zero, 
is generally greater than any head under which the pump works, 
and many actual pumps can deliver variable quantities of water 
against the head for which they are designed. 

The centrifugal head when the flow is zero is 

mvi 

2g ^ 

m being generally equal to, or greater than unity. As the flow 
increases, the velocity of whirl in the eye of the wheel and in 
the casing will diminish and the centrifugal head will therefore 
diminish. 

Let it bo assumed that when the*velocity of flow is u (supposed 
constant) the centrifugal head is 

__ Vi^ V® (kv — nuY 
^’-2g~2g* 2g » 

k and n being constants which must be determined by experiment. 

When u is zero 

2g 2g 2g 2g * 


and if m is known k can at once be found. 

Let it further be assumed that the loss by friction* and eddy 

motions, apart from the loss at inlet and outlet is . 


* The loss of head bj friction will no doubt depend not only upon u but also 
upon the velocity Vi of the wheel, and should be written as 

20 + 20 


If It be supposed it can be expressed by the latter, then the correction 


AM 2nku^V i 

"sir “ 2p " " 2p 


if proper values are given to A, and A|, takes into account the variation of the 
oe&ifugal head and also the friction head V|. 
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The gross head K is then, 

- Vi* t?* II? , , ^ 2vu cot B 

(Jkvi ^mCf 


'• cot* 6 

i?V? 


.( 2 ). 


2g 2g 

If now the head h and flow Q be determined exporimentally, 
the difference between h as determined from equation (1), page 444, 
and the experimental value of must be equal to 


(Jcvi ^nuy 

'2g 


'^9 ■ 


2nhuvi ti? 


^9 

2nkuvi 

2g 


2g^ 


JeW 

2p * 

7gV 

2g 

hi being equal to (c* - %*). 

The coefficient h being known from an experiment when u is 
zero, for many pumps two other * experiments giving corresponding 
values of h and u will determine the coefficients and hi. 

The head-discharge curve at constant velocity, for a pump such 
as the one already considered, would approximate to the dotted 
curve of Pig, 289. This curve has been plotted from equation (2), 
by taking h as 0*5, n as 7*64 and hi as — 38. 

Substituting values for h^ n, 7^i, cosec 4^ and cot equation (2) 
becomes 


mvi . V Cj^* 




(3), 


2(7 ' 2g 2g 

G and Ci being now coefficients; or it majr be written 



Q being the flow in any dosirod units, the coefficients 0* and C* 
varying with the units. If * equation (4) is of the correct form, 
three experiments will determine the constants m, C 2 and O 3 
directly, and having given values to any two of the three 
variables h, u, and Q the third can be found. 


233. The effect of the diminution of the centrifhgal head 
and the increase of the friction head as the flow increases, on 
the velocity-discharge curve at constant head. 

Using the corrected equation (2), section 232, and the given 
values of h, rh. and fe the dotted curve of Pig, 290 has been plotted. 

Prom the dotted curve of Pig. 289 it is seen that u cannot 
be greater than 5 feet when the head is 12 feet, and therefore the 
new curve of Pig, 290 is only drawn to the point where u is 6. 

The pump starts delivering when v is 27*7 feet per second and 
the discharge increases gradually as tho velocity increases. 

^ See page 570, 
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The pamp will deliver, therefore, water under a head of 
12 feot at any Velocity of flow from zero to 5 feet por second. 

In such a pump the manometrio efiiciency must have its 
maximum value whmi the discharge is zero and it cannot be 
greater than 

Ul* - VjUi oot 5 * 

9 

This is the case with many existing pumps and it explains why, 
when running at constant speed, thoy can be made to give any 
discharge varying from zero to a maximum, as the head is 
diminished. 


234. Special arrangemente for converting the velocity 
TJ2 

head 2 ^ with which the water leaves the wheel into pressure 
head. 


The methods for converting the velocity head with which the 
water leaves the wheel into pressure head have been indicated on 
page 421. Thoy are now discussed in greater detail. 

Thomsons vortex or whirlpool chamber^ Professor James 
Thomson first suggested that the vfhcol should be surrouuded by 
a chambor in which the velocity of tho water should gradually 
change from TJi to Ua the velocity of flow in tho pipe. Such a 
chamber is shown in Fig. 279. In this chambor the water forms 
a free vortex, so called because no impulse is given to the water 
while moving in tho chambor. 

Any fluid particle a 6, Fig. 284, may be considered as moving 
in a circle of radius tq with a velocity Vo and to havo also a 
radial velocity u outwards. 

Let it be supposed the chamber is horizontal. 

If W is the weight of the element in pounds, its momontum 

Wv q 
9 

* 'W’VoT 

mentum or angular momentum about the centre C is 


perpendicular to tho radius is 


and the moment of mo- 


9 


For tho momentum of a body to clmugo, a force must act upon 
and for the moment of momentum to change, a couple must act 
upon the body. 

But since no taming effort, or couple, acts upon the element 
after leaving the wheel its moment of momentum must be 
constant. 

X. n. 


29 
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Therefore, 


Wv^n 

9 


is constant or 


VqVo - constant. 


If the sides of the chamber are parallel the peripheral area of 
the concentric rings is proportional to ro, and the radial velocity of 
flow u for any ring will be inversely proportional to r©, and there- 
fore, llio ratio ^ is constant, or the direction of motion of any 

element with its radius n is constant, and the stream linos are 
equiangular spirals. 

If no energy is lost, by friction and eddies, Bernoulli's theorem 
will hold, and, therefore, when the chamber is horizontal 

1^1 + 

2g 2g w 


is constant for the stream linos. 

This is a general property of tho free vortex. 
If u is constant 

+ £? = constant. 

2(7 w 


Let the outer radius of the whirlpool chamber be Ra, and 
the inner radius r«,. Let Vr^ and be the whirling velocities 
at the inner and outer radii respectively. 

Then since is a constant, 

and ^ = constant, 

to 2g 

VjiJ 

w w 2g 2g 



When Bw = 2r«„ 

Piho_^W 3 '•’jJ 
w ^ w ^ 4* 2/7 ’ 


If the velocity head wliich the water possesses when it leaves 
the vortex chamber is supposed to be lost, and Jh is the head of 
water above tho pump and pa the atmospheric pressure, then 
neglecting friction 


P^u 

w 


-A 4.^^* 4. 


Va 

W * 


, ui Pa 

* ““ “ <vl ““ — • 

w 2g w 


OP 
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If then K IS the height of the pump above the well^ the total 
lift ^2 IS hi + ho* 

Therefore, 

w 2y \ liwy 2g w 

But ho = ^>-P-f, 
w w 2g* 

also Prw = Pii and i?rii» = Vi, 

Therefore 

w^2g*2gV^Kv 2g * 

But from equation (6) page 413, 

w w 2g g ^ 2g* 


Therefore 


, ^YI(a ^ K\ 

2g g 2g 2g V li«,V ’ 


2g g 2g 2g \ lij / ' 

This might heave been written down at once from equation (1), 
section 230. For clearly if there is a gain of pressure head 

in the vortex chamber of ^ ^1 - j , the velocity head to 

be lost will bo loss by this amount than when there is no vortex 
chamber. 

Substituting for Vi and Ui the theoretical lift h is now 

T_ Vi* - Vjih cot ui (vi - Ui cot R* , 1 X 

^ g 2g^ 2g RJ^ 

When the discharge or riin velocity is not normal, there is a 
further loss of head at entrance equal to 




Q* R» 

g 2flr llj 

(u-^cotg)* 

2^7 

When there is no discharge Vr» is equal to Vi and 

A - 21 - - 2 ! 

g 2gRj 2g- 


29—2 
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X£ ]Rr — flrlld V “ i®l| 



Correcting equation (1) in order to allow for the variation of 
the centrifugal head with the discharge^ and the friction losses, 

_ cot 4> cot 

g ^ 2g^ 

(v - u cot ff)* AjV 2nJcuvi 

2g ^ 2g^ 2g ^ 2g^ 

1 . 1 -R . 7 . O^Q-r . CjQ® 

which reducoB to h - + - 77 ^ . 

2g 2g 2g 

Tlie exporimental data on the value of tho vortox chamber 
per SB, in increasing the efficiency is very limited, 

Stanton* showed that for a pump having a rotor 7 inches 
diameter surrounded by a parallel sided vortox chamber 18 inches 
diameter, the efficiency of the chamber in converting velocity head 
to pressure head was about 40 per cent. It is however questionable 
whether the design of tho pump was such as to give the best results 
possible. 

So far as tho author is aware, centrifugal pumps with vortex 
chambers are not now being manufactured in England, but it 
seems very probable that by the addition of a well-designed 
chamber small centrifugal pumps might have their efficiencies 
considerably increased. ^ 

235. Turbine pumps. 

Another method, first suggested by Professor Reynolds, and 
now largely used, for diminishing the velocity of discharge TJi 
gradually, is to discharge the water from the wheel into guide 
passages the sectional area of which should gradually increase 
from the wheel outwards, Fig. 280, and the tangents to the 
tips of tho guide blades should be made parallel to tho direction 
of TJi. 

Ihe number of guide passages in small pumps is generally four 
or five. 

If tho guide blades are fixed as in Fig. 280, the direction of 
the tips can only be correct for one discharge of the pump, 
but except for large pumps, the very large increase in initial cost 
of the pump, if adjustable guide blades were used, as well as 
the mechanical difficulties, would militate against their adoption. 

Single wheel pumps of this type can bo used up to a head of 
100 feet with excellent results, efficiencies as high as 85 per cent. 

* Proceedings Inst C,E,t 1908. See also page 568. 



CENTRIFUGAL PUMPS 


463 


haviRg been olaimedL They are now being used to deliver water 
against heads of over 850 feet, and M. Bateau has used a single 
wheel 3*16 inches diameter running at 18,000 revolutions per 
minute to deliver against a head of 036 feet. 

Loss of head at the entrance to the guide passages. If the 
guide blades are fixed, the direction of the tips can only be correct 
for one discharge of the pump. For any other discharge than the 
normal, the direction of the water as it leaves the wheel is not 
parallel to the fixed guide and there is a loss of head due to 
shock. 

Let a be the inclination of the guide blade and ^ the vane 
angle at exit. 

Let Ui be the radial velocity of 
flow. Then BE, Fig. 291, is the 
velocity with wliich the water leaves 
the wheel. 

The radial velocity with which 
the water enters the guide passages must be Ui and the velocity 
along the guide is, therefore, JBF. 

There is a sudden change of velocity from BE to BF, and on 
the assumption that the loss of head is equal to the head due to the 
relative velocity FE, the head lost is 

(vi - Ui ~ Ui cot «)• 

2g 

At inlet the loss of head is 

(v -u cot oy 
2g * 

and the theoretical lift is 



Fig. 291. 


, Vi--ViUiCot4> (v-ucotOy (vi — cot ^ cot a)* 
g 2(7 2g 

Vi* u* 2viih cot a 2vu cot 0 
2g 2g 

u* (cot + cot ay cot* d ^ 

'2g ~ 2g 

To correct for the diminution of the centrifugal iiead and to 
allow for friction, 

2hvin.ui , 

2g 

must be added, and the lift is then 
, i;,* 0® 2t;iWiCota 2m cot 0 w,* (cot ^ + cot a)* 

* 2g 2g 

u^cot^O fcV 2‘k nvxUi 

* 2g'~ 2g ~ 2g * 
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which, since « can always be written as a multiple of iti, rednoes 
to the form 

igh = mvi + Oiwoi + Ojtti* (2). 

Equations for the twrhvne pump shown in Fig. 280. Character- 
istie curves. Taking the data 

0= 5 degrees, cot = 11*43 
<l> = 80 „ cotif>= 1*732 

a = 3 „ cot o = 19*6 

D = 2*5d 

equation (2) above becomes 

2gh = *84rt)i“ + 48‘3iti®i - 587«j* (3) 



/V«e po'SecondU 

Fig; 292. Hflad-disebarge oarres st constant speed for Turbine Pnmp. 


From equation (3) taking Vi as 50 feet per second, the he^- 
discharge curve No. 1, of Fig. ^6 a, has been drawn, and taking 
h as 35 feet, the velocity-discharge curve No. 1, of Fig. 286 b, has 
been plotted 

In Figs. 292 —4 are shown a series of head-discharge curves at 
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constant speed, velocity-discWge curves at constant head, and 
head- velocity curves at constant discharge, respectively. 

The points shown near to the curves were determined experi- 
mentally, and the curves, it will be seen, are practically the mean 
curves drawn through the experimental points. They were how- 
ever plotted in all cases from the equation 

2gli = - 62'lttj*, 

obtained by substituting for m, 0 and 0i in equation (2) the values 
r087, 2*26 and -62*1 respectively. The value of m was obtained 
by determining the head A, when the stop valve was closed, for 
speeds between 1500 and 2500 revolutions per minute. Fig. 285 
The values of C and 0i were first obtained, approximately, by 
taking two values of Ui and respectively from one of the 
actual volocity-disehargo curves near the middle of the series, for 
which h was known, and from the two quadratic equations thus 
obtained C and Ci were calculated. By trial C and Cj were then 
corrected to make the equation more nearly fit the remaining 
cui'ves. 



No attempt has beon made to draw the actual mean curves in 
the figures, as in most cases the difference between them and the 
calculated curves drawn, could hardly be distinguished. The 
reader can observe for himself what discrepancies there are between 
the mean curves through the points and the calculated curves. It 
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will be seen that for a very wide range of speed, head, and 
discharge, the agreement between the ciirres and the observed 
points is very close, and the equation can therefore be used with 
confidence for this particular pump to determine its performance 
under stated conditions. 

It is interesting to note, that the experiments clearly indicated 
the unstable condition of the discharge when the head was kept 
constant and the velocity was diminished below that at which the 
discharge commenced. 



Fig. 294. Head-Tolooity onrrea at Constant Disobarge. 

236. Losses in the spiral casings of centrifugal pumps. 

The spiral case allows the mean velocity of flow toward the 
discharge pipe to bo fairly constant and the results of experiment 
seem to show that a large percontage of the velocity of the water 
at the outlet of the wheel is converted into pressure head. 
Mr Livens* obtained, for a pump having a wheel 19J inches 
diameter running at 550 revolutions per minute, an efficiency of 
71 per cent, when delivering 1600 gallons per minute against a 
head of 25 feet. The angle < 1 ^ was about 13 degrees and the mean 
of the angle 0 for the two sides of the vane 81 degrees. 

For a similar pump 21|- inches diameter an efficiency of 82 per 
cent, was claimed. 


Proceedings Inet, Meek, E^igt,^ 1903. 
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The •author finds the equation to the head-discharge curve for 
the 19^ inches diameter pump from Mr Livens’ data to be 

rW + 3t^t'i-142tti" = 2ff;t (1), 

and for the 21f inches diameter pump 

l*18vi*“4‘5t6iVi = 2f77fc (2). 

The velocity of rotation of the water round tho wheel will bo 
less than the velocity with which the water leaves the wheel and 
there will be a loss of head due to the sudden change in velocity. 

1 1 J 1 lij. feUl* mi _ 4.1 


Let this loss of head be written 


The head, when Ui is the 


radial velocity of flow at exit and assuming the water enters the 
wheel radially, is then 

7 - cot<A _ _ (v- n c ot Oy 

^ ff 2y 2(/ 

Allowing for friction and diminution of centrifugal head, 

7 „ Ui-ai co^ _ _ {v~u cot Oy 1c^ _ 

2g 2g ^ ^2g 2g ^ ~2g~* 

which again may be wiitton . 

2g 2g 2g 

The values of w, C and Ci arc given for two pumps in (1) and (2). 

237. General equation for a centrifugal pump. 

The equations for tho gross licad h at discharge Q as determined 

for the several classes of pumps, h , or, if u is 


the velocity of flow, h = , in which m varif's be- 

tween 1 and T5. The coefficients Ca and Cs for any pump will 
depend upon the unit/ of discharge. 

As a further example and illustrating the case in which at 
certain speeds the flow may be unstable, the curves of Vig. 2S7 
may be now considered, Wlien Vi is 6(5 feet per second the equa- 
tion to tho head discharge curve is 

. _r()2r,^^15-5Qr, 236Q* 

‘ lij7 2fif ^ 

Q beiTig in cubic feet per uiinuto. 

The velocity-discharge curve for a constant head of 80 foot as 
calculated from this equation is shown in Fig. 287. 

To stait tho pump against a head of 80 feet the peripheral 
velocity has to be 70*7 feet per second, at which velocity the 
discharge Q suddenly rises to 4’8 cubic feet jicr minute. The curves 
* See Appendix, page 60S. 
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of actual and manometrio efficiency are shown in Fig. 287, the 
maximum for the two cases occurring at different discharges. 

237a. Characteristic curves*. 

From tests on a centrifugal pump efficiency and power curves 
can be plotted exactly as for turbines, soe Figs. 270 a — 270 U. The 
theory of similar turbines, pages 380 — 7, is exactly applicable to 
centrifugal pumps. Curves similar io those of Figs. 27 J — 272b can 
be plotted for a pump and used to anticipate the performance of 
a pump under varying conditions, or of a pump of similar form, 

238. * The limiting height to which a single wheel centri- 
fugal pomp can be used to raise water. 

The maximum height lo which a centrifugal pump can raise 
water, depends theoretically upon the maximum velocity at which 
the rim of the wheel can be run. It 1ms already been stated that 
rim velocities up to 250 feet p(»r second have been used. Assuming 
radial vanes and a manometrio efficioney of 50 per cent., a pump 
running at this velocity would lift against a head of 980 feet. 

At those very high velocities, however, the wheel must be of 
some material such as bronzt' or east stc'ol, having considerable 
resistance to tensile stresses, and special precautions must be 
taken to balance the wheel. The hydraulic losses are also 
considerable, and manometrio efficionoies greati^r than 50 per 
cent, are hardly to be expected. According to M. Kateaut, tlu» 
limiting head against Avhicliit is advisable to raise water by moans 
of a single wheel is about 100 feet, and the maximum desirable 
velocity of the rim of the wheel is about 100 feet ])er second. 

Single wheel pumps io lift up to 350 fe(‘t are liowevcu- being 
used. At this velocity the stress in a hoop due to centrifugal forces 
is about 7250 lbs. per sq. iuch+. 

239. The suction of a centrifugal pump. 

The greatest height through which a centrifugal or other class 
of pump Will draw water is about 27 feet. (Special precaution has 
to bo taken to ensure that all joints on the suction pipe are perfectly 
air-tight, and especially is this so when the suction head is greater 
than 15 feet; only under special circmiistancos is it tliereforo de- 
sirable for the suction head to be greater than this amount, and it 
is always advisable to keep the suction head as small as possible. 

* Bee also page 454. 

t “ Pompes Centrifuges,” etc., Bulletin de la SocUti dt Vlndustrie minirale^ 
1902 ; Engineer, p. 286, March, 1902. 

t Bee Ewing’s Strength of MatenaU\ Wood’s Strength of Stiuctural Memhen; 
The Steam Turhine Btodoia. 
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Fig. 295. Wortliington Multi-stage Turbine Pump. 
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240. Series or multi-stage turbine pumps. 

It has been stated that the liTniting economical head for a single 
wheel pomp is about 100 feet, and for high heads series pomps 
are now generally used. 



By putting several whools or rotors in series on one shaft, each 
rotor giving a head varying from 100 to 200 feet, water can be 
lifted to practically any height, and such pumps have boon 
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constructod to work against a head of 2000 fcot. The number 
of rotors, on one shaft, may be from one to twelve according 
to the total head. For a given head, the greater the number of 
rotors used, the less the peripheral velocity, and within certain 
limits the greater the efficiency. 

Figs. 295 and 290 show a longitudinal section and gcmeral 
arrangement, respectively, of a series, or multi-stage pump, as 
constructed by the Worthington Pump Company. On the motor 
shaft are fixed three phosphor-bronze rotors, alternating with fixed 
guides, wliich are rigidly comiected to the outer casing, and to 
the bearings. The water is drawm in through the pipe at the left 
of the pump and enters tho first wheel axially. The water leaves 
the first wheel at tho outer circumference and passes along an 
expanding passage in which the velocity is gradually diminished 
and enters the second wheel axially. The vanes in the passage 
are of hard phosphor-bronze nuide very smooth to reduce friction 
losses to a minimum. Tho water passes through tho remaining 
rotors and guides in a similar manner and is finally discharged 
into the casing and Ihence into tho delivery pipe. 



Fig. 207. Suizor Malti-stage Turbine Pump. 

The difference in pressure head at the entrances to any two 
consecutive wheels is the head impressed on the water by one 
wheel. If the head is h feet, and there are n wheids the total 
lift is nearly vOi ieet. The vanes of each wheel and the directions 
of the guide vanes are determined as explained for the single 
wheel BO that losses by shock are reduced to a minimum, and 
the wheels and guide passages are made smooth so as to reduoe 
friction. 

Through the back of each whcol, just above tho boss, are 
a number of holes which allow water to got behind part of the 
wheel, under the pressure at wliich it enters the wheel, to balance 
the end thrust which would otherwise be set up. 
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Tlie pumps can be arranged to work either vertically or 
horizontally, and to be driven by belt, or directly by any form 
of motor. 

Fig. 297 shows a multi-stage pump as made by Messrs Sulzer. 
The rotors are arranged so that the water enters alternately 
from the left and right and the end thrust is thus balanced. 
EflSciencies as high as 84 per cent, have been claimed for multi- 
stage pumps lifting against heads of 1200 feet and upwards. 

The Worthington Pump Company state that the eflBiciency 
diminishes as the ratio of the head to the quantity increases, the 
best results being obtained when the number of gallons raised 
per minute is about equal to the total head. 

Example. A painp is to be driven by a motor at 1450 revolutions per minute, and 
is required to litt 45 cubic feet of 'water per minute against a Load of 320 feet. 
Retiuired the diameter of tbo suction, and delivery pipes, and the diameter and 
number of the rotors, assuming a velocity of 5 5 feet per second in the suction and 
delivery pipes, and a manomotric etficienoy at the given delivery of 50 per cent. 

Assume provisionallv that the diameter of the boss of the wheel is 3 inches. 

Let d be the eztoinal diameter of the annular opening, Fig. 205. 

Then. r«P-3») 

144 “oOx'FS’ 

from which d=6 inches nearly. 

Taking the external diameter D of the wheel as 2d, D is 1 foot. 

Then, Vj = x ir = 76 feet per sec. 

Assuming radial blades at outlet the head lifted by each wheel is 

76® 

h=0-5 . feet 
=90 foei. 

Four wheels would therefore be required. 

241. Advantages of centrifugal pumps. 

There are several advantages possessed by centrifugal pumps. 

In the first place, as there are no sliding parts, such as occur in 
reciprocating pumps, dirty water and even water containing com- 
paratively large floating bodies can be pumped without greatly 
endangering the pump. 

Another advantage is that as delivery from the wheel is 
constant, there is no fluctuation of speed of the water in the 
suction or delivery pipes, and consequently there is no necessity 
for air vessels such as are required on the suction and delivery 
pipes of reciprocating pumps. There is also considerably less 
danger of large stress being engendered in the pipe lines by 
“water hammer*.” 

Another advantage is the impossibility of the pressure in the 
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pump casing rising above that of the maJ^imum head which the 
rotor is capable of impressing upon the water. If tlio delivery 
is closed the wheel will rotate without any danger of the pressure 
in the casing becoming greater than the centrifugal head (page 
335), This may be of use in those cases where a pump is de- 
livering into a reservoir or pumping from a reservoir. In the first 
case a float valve may be fitted, which, when the water rises to 
a particular height in the reservoir, closes the delivery. The 
pump wheel will continue to rotate but without delivering water, 
and if the wheel is running at such a velocity that the centri- 
fugal head is greater than tlic head in the pipe line it will start 
delivery when the valve is opened. In the second case a similar 
valve may bo used to stop the flow when the water falls below a 
certain level. This arrangement although convenient is uneco- 
nomical, as although the pump is doing no effective work, the 
power required to drive the pump may be more than 50 per cent, 
of that required when the pump is giving maximum discharge. 

It follows that a centrifugal pump may be made to deliver 
water into a closed pipe system from which water may be taken 
regularly, or at intervals, while the pump continues to rotate at a 
constant vi*locity. 

Pump delivering info a long pipe line. Wlien a centrifugal 
pump or air fan is delivering into a long pipe line the resistances 
will vary approximately as the square of the quantity of water 
delivered by the pump. 

Let Pa be the absolute pressure per square inch which has 
to be maintained at the end of the pipe line, and let the 
resistances vary as the square of the velocity v along the pipe, 
1'hen if the resistances are equivalent to a head the 

pressure head ^ at the pump end of the delivery pipo must be 

w w 

w A* ’ 

A being the sectional area of the pipe. 

Let bo the pressure head at the top of the suction pipo, then 
the gross lift of the pump is 

WWW A to 

If, tbjoreforo, a corvo, Fig. 298, bo plotted having 

(PfZP). + ^ 
w A* 
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as ordinatoB, and Q as abscissae^ it will bo a parabola. If on 
the same figure a curve having h as ordinates and Q as abscissae 
be drawn for any given speod, the intersection of these two 
cuyves at the point P will give the maximum discharge the pump 
will deliver along the pipe at the given speed. 



Du^chcur^e vn/ C.Fv. per SecoruJU 


Fig. 298, 

242. Parallel flow turbine pump. 

By reversing the parallel flow turbine a pump is obtained 
which is similar in some respects to the centrifugal pump, but 
differs from it in an essential feature, that no head is impressed on 
the water by centrifugal forces between inlet and outlet. It 
therefore cannot bo called a centrifugal pump. 

The vanes of such a pump might be arranged as in Pig. 299, 
the triangles of velocities for inlet and outlet being as shown. Or 
tho wheel may be of the form of a propeller (see Fig. 220). 

The discharge may be allowed to take place into guide 
passages above or below the wheel, whore the velocity can be 
gradually reduced. 

Since there is no centrifugal head impressed on the water 
between inlet and outlet, Bemouilli’s equation is 

MO w 2g 

From which, as in the centrifugal pump, 
g w MO 2g 2g 

If the wheel has parallel sides as in Fig. 299, the axial velocity 
of flow will be constant and if the angles ^ and B are properly 
chosen, Vr and Vr may be equal, in which case the pressure at 
inlet and outlet of tho wheel will be equal. This would have 
the advantage of stopping tho tendency for leakage through the 
clearance between the wheel and casing. 
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Such a pump is similar to a reversed impulse turbine, the 
guide passages of which are kept full. The velocity with which 
the water leaves the wheel would however be great and the lift 
above the pump would depend upon* the percentage of the velocity 
head that could bo converted into pressure head. 



Fi>. 290. 


Since ihere i*!* no centrifugal head impressed upon the water, 
the paralk*l-llow pump cannot commonco discharging unless the 
water in the pump is first sot in motion by some ext(*rnal moans, 
but as soon as the flow is commenced through the wheel, the full 
discharge under full head can be obtained. 

To commence tho discliargt*, th<‘ pump would generally have to 
bo placed below the level of the watm* 
to bo lifted, an a axillary disehargi^ pipe 
being liticd with a discharging vnhe, 
and a non-ret urn valves in i he dibchnrgo 
pipe, arranged as in h'ig. 300. 

The pumi) could be sfarted when 
placed at. a height //© above the water 
in the sump, by using an 
pump to exhaust the air from the dis- 
charge cl laiu ber, a ri< 1 thus start tlie llo w Fi^. 300. 

through the wlieel. 



243. Inward flow turbine pump. 

Like the parallel flow pump, an inward flow pump if constructed 
could not start pumping unless the water in tlie whtcl were first 
set in motion. If tho wheel is started with the waif r at rest 
the centrifugal h(»ad w’^ill tend to cause Ihe How to take place 
outwards, but if flow can be commenced ami the vanes are 
properly designed, tho wheel can bo made to deliver water at its 
inner periphery. As in the centrifugal and parallel flow pumps, 
if the water enters the wheel radially, the total lilt is 

H =. ^ _ 3^ + y! - 

g w w 2(j 2g 


L. H. 


.( 1 ). 

30 
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From the equation 

£ + Zr -.?!l 

w 2g 2g 2g 2g* 
it will be seen that unless Yr is greater than 

2g^2g^2g^ 

TP 

Px is less than py and ^ will then be greater than the total 
lift H. ^ 

Very special precautions must therefore be made to diminish 
the veloeity U gradually, or otherwise the efficiency of the pump 
will be very low. 

The centrifugal head can be made small by making the 
difTerence of the inner and outer radii small. 


If 


Vr“ 


Hr! 4. i?! ^ r 1* 

2g 2g 2g 


is made equal to 7 ^-, the pressure at inlet and outlet will be the 

same, and if the wheel passages are carefully designed, the 
pressure throughout the wheel may be kept constant, and the 
pump becomes practically an impulse pump. 

Q^ere seems no advantage to be obtained by using either 
a parallel flow pump or inward flow pump, except under rather 
exceptional circumstances, in place of the centrifugal pump, and 
as already suggested there are distinct disadvantages. 


EXAMPLES. 

(1) Find the horse-power required to raiso 100 cubic feet of water per 
minute to a height of 125 foot, by a pump whose efficiency is 

(2) A centrifugal pump has an inner radius of 4 inches and an outer 
radius of 12 inches. The angle the blade mahes with the direction of 
motion at exit is 153 degrees. Tbe wheel makes 545 rovolaiions por minute. 

The discharge of the pomp is 8 cubic feet per second. The sides of the 
wheel are parallel and 2 inches apart. 

Determine the inclination of the tip of the blados at inlet so that there 
shall bo no diock, the velocity with which the water leaves the wheel, and 
the theoretical lift. If the head due to the velocity with which the water 
leaves the wheel is lost, find the theoretical lift. 

(8) A centrifugal pump wheel has a diameter of 7 inches and makes 
1858 revolutions per minute. 

The blados are formed so that the water enters and leaves the whed 
without i^ock and the blados are radial at exit. The water is lifted by the 
pump 29*4 feet. Find the manometric efficiency of the pomp. 
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(4) A oenirifugftl pnmp wheel 11 inohea diameter which runs at 1203 
revolutions per minute is surrounded by a vortex chamber 22 inches 
diameter, and has radial blades at exit. The pressure head at the circum- 
ference of the wheel is 23 feet. The water is lifted to a height of 43*6 
feet above the centre of the pump. Find the efELciency of the whirlpool 
diamber. 

(6) The radial velocity of flow through a pump is 5 feet per second, and 
the velocity of the outer periphery is 60 feet per second. 

The angle the tangent to the blade at outlet mahes with the direction 
of motion is 120 degrees. Dotermine the pressure head and velocity head 
where the water leaves the wheel, assuming the pressure head in Ihe eye 
of the wheel is atmospheric, and thus determine the theoretical lift. 

(6) A centrifugal pump with vanes curved bade has an outer radius of 
10 inches and an inlet radius of 4 inches, the tangents to the vanes at outlet 
being inclined at 40" to the tangent at the outer periphery. The section of 
the wheel is such that the radial velocity of flow is constant, 6 feet per 
second ; and it runs at 700 revolutions per minuto. 

Determine : — 

(1) the angle of the vane at inlet so that there shall be no shock, 

(2) the theoretical lift of the pump, 

(8) the velodty head of the water as it leaves the wheel. Lend. 
Un, 1906. 

(7) A centrifugal pnmp 4 feet diameter running at 200 revolutions per 
minuto, pumps 6000 tons of water from a dock in 46 nodnutos, the mean 
lift being 20 foot. The area through the wheel periphery is 1200 square 
inches and the angle of the vanes at outlet is 20^ Determine the hydraulic 
ef6ciency and estimate the average horso-power. Find also iho lowest 
speed to start pumping against the hoad of 20 feet, tho inner radius being 
half tho outer. Lond. Un. 1906. 

(8) A centrifugal pump, delivery 1600 gallons per minuto with a lift of 
25 foot, has an outer diameter of 16 inches, and the vane angle is 30". All 
the kinetic energy at discharge is lost, and is equivalent to 50 per cent, of 
the actual lift. Find the revolutions per minute and the breadth at tho 
inlet, the velocity of whirl being half the velocity of the wheeL Lond. 
Un.1006. 

(9) A centrifugal pump has a rotor 19^ inches diameter ; the width of 
the outer periphery is inches. Using formula (1), section 286, deter- 
mine the ^scharge of the pump when the head is 30 feet and Vj is 50. 

(10) The angle ^ at the outlet of tho pump of question (9) is 18*. 

Find the velocity with which the water leaves the wheel, and the 

minimum proportion of the velocity head that must be converted into work, 
if the other losses ore 15 per cent, and the total efficiency 70 per cent. 

(11) The inner diameter of a centrifugal pump is 12| inches, the outer 
diameter 21g inches. The width of the wheel at outlet is 8| inches. Using 
equation (2), section 286, find the discharge of the pump when the head is 
21*5 feet, and the number of revolutions per minute is 440. 


30—2 
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(12) The eflicioncy of a centrifagal pump when running at 650 rovolu* 
iions per minute is 70 per cent. The mean angle the tip of ^e Tane malces 
with the direction of motion of the inlet edge of tlie vane is 99 degrees. 
The angle the tip of the vane makes with the direction of motion H the 
edge of the vane at exit is 167 degrees. The radial velocity of flow is 8*6 
feet per second. The internal diameter of tho wheel is 11 J inches and the 
external diameter 19^ inches. 

Find the kinetic energy of the water when it leaves the wheel. 

Assuming that 5 per cent, of tho energy is lost by friction, and that one- 
half of tlio Idnetic energy at exit is lost, find the head lost at inlet when tho 
lift is 80 foot. Hence find the probable velocity impressed on tlie water as 
it ontors the wheel. 

(13) t)e8cribe a forced vortex, and sketch the form of the free surface 
when the angular velocity is constant. 

In a centrifugal pump revolving hori^rmtally under water, the diameter 
of the inside of the paddles is 1 foot, and of the outside 2 foot, and the 
piunp revolves at 400 revolutions per minute. Find approximately how 
high the water would bo lifted above the tail water loveL 

(14) Explain the action of a centrifugal pump, and deduce an exprossioD 
for its efQciency. If sucli a pump were required to deliver 1000 gallons an 
hour to a height of 20 foet, how would you design it ? Lend. Un. 1903. 

(16) Find the speed of rotation of a wheel of a contrifugal pump which 
is required to lift 200 tons of water 5 foet high in one minute ; having given 
tho efficiency is 0*6. The velocity of flow tlirough the wheel is 4*6 feet por 
second, and tho vanes arc curved backward so that the angle between their 
directions and a tangent to the circumference is 20 degrees. Lond. Un. 
1905, 

(16) A contrifugal pump is required to lift 2000 gallons of water per 
minute through 20 feet. Tho velocity of flow through the wheel is 7 feet 
por second and tlie cfBcioncy 0*6. Tho angle the tip of tho vane at outlet 
makes with tho direction of motion is 160 degrees. The outer radius of the 
wheel is twice tlie inner. Determine the dimensions of the wheel. 
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REriPROCATING PUMP& 

244. Reciprocating pumps. 

A simple form of reciprocating force pump is shown dw- 
graminatically m Fig. 301. It consists of a plunger 1* workmg in 



Fig 801. 
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Fig. 801a* Vertical Bmgle-acting Beoiprooating Pomp* 
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a cylinder C and has two valves Vs and Vd, loiown as the snction 
and delivery valves respectivdy. A section of an actual pnmp 
is diown in Fig. SOI a. 

Assiune for simplicity the pnmp to he horizontal, with the 
centre of tho barrel at a distance h from the level of the water 
in the well; h may he negative or positive according as the 
pomp is above or below the surface of the water in the well. 

Let B be the height of tho barometer in inches of mercury. 
The equivalent head H, in feet of water, is 


H = = 11333, 


wMoh may be called the barometric height in feet of water. 

When B is 30 inches H is 34 feet. 

When the plunger is at rest, the valve V© is closed by the head 
of water above it^ and the water in the suction pipe is sustained by 
the atmospheric pressure. 

Let Ao be the pressure head in the cylinder, then 

Jlo — H — fe, 

or the pressure in pounds per square inch in the cylinder is 

p cannot become less tlian the vapour tension of the water. At 
ordinary temperatures this is nearly zero, and k cannot be greater 
than 84 feet. 

If now the plunger is moved outwards, very slowly, and there 
is no air leakage the valve Ys opens, and the atmospheric pressure 
causes water to rise up the suction pipe and into the cylinder, 
Ao remaining practically constant. 

On the motion of the plunger being reversed, the valve Yg 
closes, and tlie water is forced tlirough Yd into the delivery 
pipe. 

In actual pumps if ho is less than from 4 to 9 feet the 
dissolved gases that are in the water are liberated, and it is there- 
fore practically impossible to raise water more than from 25 to 
SO feet. 

Let A be the area of the plunger in square inches and L the 
stroke in feet. The pressure on the end of the plunger outside the 
cylinder is equal to the atmospheric pressure, and neglecting 
the friction between the plunger and tho cylinder, the force neces- 
sary to move the plunger is 

P = -43 {H - (H - fc) } A * m . A lbs., i/' 
and tile work done by tiie planger jier stroke is 
F ^ ‘43A , A . L ft. lbs. 
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If V is the volume displacemont per stroke of the plunger 
in cubic feet 


E = 62-4A.Vft. lbs. 


The weight of water lifted per stroke is *43 AL lbs., and tho 
work done per pound is, therefore, h foot pounds. 

Let Z be the head in the delivery pipe above the centre of the 
pump, and Ua the velocity with wliich the water leaves the delivery 
pipe. 

Neglecting friction, the work done by tho plunger during the 


u * 

delivery stroke is Z + 5 ^ foot pounds per pound, and the total work 

in the two strokes is therefore h + Z + ^ foot pounds per pound. 

The actual work done on the plunger will bo greater than this 
due to mechanical friction in the pump, and the frictional and 
other hydraulic losses in the suction and delivery pipes, and at the 
valves; and the volume of water lifted per suction stroke will 
generally be slightly less than tho volume moved through by the 
plunger. 

Let W be the weight of water lifted per minute, and ht the 
total height through which the water is lifted. 

The effective work done by the pump is W . Jh foot pounds per 
minute, and the effective horse-power is 


Wh 

33,000 


245. Coefficient of discharge of the pump. Slip. 

The theoretical discharge of a plunger pump is the volume 
displaced by the plunger per stroke multiplied by the number of 
delivery strokes per minute. 

The actual discharge may bo greater or less than this amount. 
The ratio of the discharge per stroke to the volume displaced by 
the plunger per stroke is the Coefficient of discharge^ and the 
difference between these quantities is called the 8liq>. 

If the actual discharge is less than the theoretical the slip is 
said to bo positive, and if greater, negative. 

Positive slip is due to leakage past the valves and plunger, 
and in a steady working pump, with valves in proper condition, 
should be less than five per cent. 

The causes of negative slip and the conditions under which it 
takes place will be discussed later 


page 491. 
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246. Diagram of work done by the pump. 

Theoretical Diagram. Let a diagram be drawn, Pig. 302, the 
ordinates representing the pressure in the cylinder and the abscissae 
the corresponding volume displacements of the plunger. The 
volumes will clearly be proportional to the displacement of the 
plunger from the end of its stroke. During the suction stroke, 
on the assumption made above that the plunger moves very 
slowly and that therefore all frictional resistances, and also the 
inertia forces, may be neglected, the absolute pressure behind the 
plunger is constant and equal to H - feet of water, or 62*4 (H - h) 
X>ounds per square foot, and on the delivery stroke the pressure is 

62'4 + H + pounds per square foot. 

The effective work done per suction stroke is ABOD which equals 
62*4. A . V, and during the delivery stroke is EADF which equals 



and EROP is the work done per cycle, that is, during one suction 
and one delivery stroke. 



Fig. 802. Thforeiiool diagram of prossure in a llooiprooating Pump. 


SO Strokes per iWuuA/jo 

% 1 



Fig, 808. 

Actual diagram. Pig. 803 shows an actual diagram taken by 
means of an indicator from a single acting pump, when rumung 
at a slow speed. 

The diagram approximates to the rectangular form and only 
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difforB from tlxe above in that at any point p in the snotion stroke, 
pq in feet of water is equal to h pins the losaes in tibe suction 
pipe, inclnding loss at the valve, plus the head required to 
accelerate the water in the saction pipe, and qr is the head 
required to lift the water and overcome aU losses, and to accelerate 
the water in tho delivery pipe. The velocity of the plonger being 
small, these correcting quantities are practically inappreciable. 

The area of this diagram represents the aotnal work done on 
the ^ter per cycle, and is equal to W (Z h), together with the 
head due to velocity of discharge and all losses of energy in the 
suction and delivery pipes. 

It will be seen later that although at any instant the pressure 
in the cylinder is effected by the inertia forces, the total work 
done in accelerating the water is zero. 

247. The accelerations of the pnmp plunger and of the 
water in the suction pipe. 

The theoretical diagram. Fig. 802, has been drawn on the 
assumption that the velocity of the plunger is very small and 
without reference to the variation of the velocity and of the 
acceleration of the plunger, but it is now necessary to consider 
this variation and its effect on the motion of the water in the suction 
and delivery pipes. To realise how the velocity and acceleration 
of the plunger vary, suppose it to be driven by a crank and 
connecting rod, as in Fig. 304, and suppose the crank rotates with 
a uniform angular velocity of <■> radians per second. 



If r is the radius of the crank in feet, the velocity oS the crank 
pin is y = «»r feet per second. For any crank position 00, it 'is 
proved in books on mechanism, that the velocity of the point B is 

. By making BD equal to OK a diagram of velocities 
EDF is found. 

When OB is very long compared with 00, 'OK is equal to 
OOsin^, and the velocity v of the plunger is then Ysintf, and 
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EDlB* is a aemioirole. Tfafi plunger iLen movos with Eomple 
hanuonic motion. 

1£ now the suction pipe is as in Fig. 304« and there is to be 
continuity in the column of water in the pipe and cylinder, the 
vdiocity of the water in the pipe must vary with the velocity 
the plunger. 

Let V be the velocity of the plunger at any instant, A and 
a the moss-sectional areas of the plunger and of the pipe respect- 

i) A 

ively. Then tho volooity in the pipe must be . 



As the velocity of the plunger is continuously changing, it is 
continuously being accelerated, either positively or negatively. 

Let I be the length of the connecting rod in feet. The 
acceleration* F of the point B in Fig, 305, for any crank angle 
^9 is approximately 

F - ci>V ^cos ^ J ^ 

Plotting F as BGr, Fig. 305, a curve of accelerations MNQ is 
obtained. 

When the connecting rod is very long compared with the 
length of the crank, tho motion is simple harmonic, and the 
acceleration becomes 

F = cos 

and the diagram of accelerations is then a straight line. 

Velocity and acceleration of the water in the suctu th pipe, Tho 
velocity and acceleration of tho plunger being v and F respectively, 
for continuity, the velocity of the water in tho pipe must be 

A 

V- and the acceleration 
a 

/ .F.A 

7a — 


See Balancing of Engines^ W. K. Dalby. 
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248. The effect of acceleration of the plunger on the 
pressure in the cylinder during the suction stroke. 

When the velocity of the plunger is increasing, F is positive, 
and to accelerate the water in the suction pipe a force P is 
required. Tlie atmospheric pressure has, therefore, not only to 
lift the water and overcome the resistance in the suction pijM), 
but it has also to provide the necessary force to accelerate the 
water, and the pressure in the cylinder is consequently diminished. 

On the other hand, as the velocity of the plunger decreases, 
F is negative, and the piston has to exert a reaction upon the 
water to diminish its velocity, or the pressure on the plunger is 
increased. 

Let L be the length of the suction pipe in feet, a its cross- 
sectional area in square feet, fa the acceleration of the water in 
the pipe at any instant in feet per second per second, and w the 
weight of a cubic foot of water. 

'rhen tho mass of water in the pipe to be accelerated w. a, L 
pounds, and since by Newton’s second law of motion 
accelerating force = mass x acceleration, 
the accelerating force required is 

P= ./albs. 

The pressure per unit area is 


P_ w .h 

a^g 

and the equivalent head of water is 


fa lbs., 




or smee 




F.A 
a ’ 
L.A 


g.a 

This may bo large if any one of the three quantities, L, — , or 

Cb 

F is large. 

Neglecting friction and other losses the pressure in the 
cyliader is now 

Id h)~ ha, 

and the head resisting the motion of the piston is h + ha. 


249. Pressure in the cylinder during the suction stroke 
when the plunger moves with simple harmonic motion. 

If the plunger be supposed driven by a crank and very long 
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connocting rod, tlie crank rotating nniformly with angular velocity 
0 ) radians per second, for any crank displacement 0, 

F = <*>V cos 

, 7 L.A.<*>V 

and ha . cos 

g .a 

The pressure in the cylinder is 
'B.-h- 

ga 

When 9 is zero, cos 6 is unity, and when 9 is 90 degrees, cos 9 
is zero. For values of 9 between 90 and 180 degrees, cos^ is 
negative. 

The variation of the pressure in the cylinder is seen in 
Fig. 306, which has been drawn for the following data. 



Fig 306. 


Diameter of suction pipe 3J inches, length 12 feet 6 inches. 
Diameter of plunger 4 inches, length of stroke 7| inches. 

Number of strokes per minute 136. Height of the centre of 
the pump above the water in the sump, 8 feet. The plunger is 
assumed to have simple harmonic motion. 

The plungej’, since its motion is simple harmonic, may be 
supposed to bo driven by a crank 33 inches long, making 68 revo- 
lutions per minute, and a very long connecting rod. 

The angular velocity of the crank is 

€D“ = 7*1 radians per second. 

The acceleration at the ends of the stroke is 
F = o>*.r = 7-Px0-312 

= 15*7 feet per sec. per see., 




and 
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The |n*es8ttre in the cylinder neglecting tlie water in the 
cylinder at the beginning of the ajcroke is, therefore, 
34-(10+8) = ,16feet, 

and at the end it is 84—8 + 10=36 feet. That is, it is greater 
than the atmospheric pressure. 

Wlien ^ is 90 degrees, cos 0 is zero, and ha is therefore zero, 
and when & is greater than 90 degree^, cos^ is negatire. 

The area ABDF is clearly equal tol GADH, and the work done 
per suction stroke is, therefore, not altered by the accelerating 
forces; but the rate at which the pltmger is working at various 
points .in the stroke is affected by thena, and the force required to 
move the plimger may bo very much in^eased. 

In the above example, for instance, the force necessary to 
move the piston at the commencement of the stroke has been 
more than doubled by the accelerating force, and instead of 
remaining constant and equal to ‘43. 8.. A during the stroke, it 
varies from > 

P = *43 (8 + 10) A 

to P = ‘43(8-10)A. , 

Ai/r vessels. In quick running puzups^ or when the length 
of the pipe is long, the effects of these accellorating forces tend to 
become serious, not only in causing a verA largo increase in the 
stresses in the parts of the pump, but as will we shown later, under 
certain circumstances they may Ciiuse soparution of the water in 
the pipe, and violent hammer actions may bn set up. To reduce 
the effects of the accelerating forces, air veasels are put on the 
suction and delivery pipes, Figs. 310 and 3111. 


260. Accelerating forces in the delivery pipe of a plunger 
pump when there is no air vessel. 

When the plunger commences its return stre ko it has not only 
to lift the water against the head in the deliver y pipe, but, if no 
air vessel is provided, it has also to accelerate ^the water in the 
cylinder and the delivery pii>o. Let D be the diantieter, a, the area, 
and Li tlie length of the pipe. Neglecting tL*e water in the 
cylinder, the acceleration head when the acceleration of the piston 
is F, is V 

1 _ Lj.A.F t 

fla ■*” —————— 

gai * 

and neglecting head lost by friction otc., and the \^ater in the 
cylinder, the head resisting motion is 

Z + h.+^*. 


If F is negative, ha is also negative. 


2g 
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When the plunger moves witih simple liarmonio motion the 
diagram is as shown in Fig. 807, which is drawn for the same 
data as for Fig. 306, taking Z as 20 feot, I 4 as SO feet, and the 
diameter D as 3^ inches. 



Fig. S07. 


The total work done on tlio water in the cylinder is NJKM, 
which is clearly equal to IIJKL. If the atmospheric pressure is 
acting on tho outer end of the plunger, as in Fig. 301, the nett 
work done on tho plunger will bo SNllMT, which equals HSTL. 

251. Variation of pressure in the cylinder due to friction 
when there is no air vessel. 

JSead lost by friction in the suction and delivery pipes. If v is 
the velocity of the plunger at any instant during the suction 
stroke, d the diameter, and a tlie area of the suction pipe, the 
velocity of the water in the pipe, when there is no air vessel, is 

— , and the head lost by friction at that velocity is 

“ , _4/o*^»L 

^ 2gda* 

Similarly, if a,, D, and L, are the area, diameter and length 
respectively of the delivery pipe, tho head lost by friction, when 
the plunger is making the delivery stroke and has a velocity v, is 

^ _4/«=A»L, 

2pDoi* • 

When tho plunger moves with simple harmonic motion, 

e = «i>r sin 

, 4 /A.^mV sm° ffL 

2gda* 


and 
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If the pump makes n strokes per second, or the number of 
revolutions of the crank is ^ per second, and U is the length of 
the stroke, 

and Ig = 2r, 

Substituting for w and r, 

^ 2gda^ 

Plotting values of hy at various points along the stroke, the 
parabolic curve iflMP, Pig. 308, is obtained. 

When 0 is 90 degrees, sin^ is unily, and h/ is a maximum. 
The mean ordinate of the parabola, which is the mean frictional 
head, is then 

2 fA^TrSl^U.^ 

3 2gda^ • 

E 

Fig. 30S. 



and since the moan frictional head is equal to the energy lost per 
pound of water, the work done per stroke by friction is 


6 2-4.IA /JA WLZ/ 

2gda^ 


foot lbs., 


all dimensions being in feet. 



Fig. 809. 


Let Do bo the diameter of the plunger in feet. Then 

A* D/ 

a* “ d* • 


and 
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Therefore, work done by friction per suction stroke, when 
there is no air vessel on the suction pipe, is 

df 

^e pressure in the cylinder for any position of the plunger 
during the suction stroke is now. Pig. 309, 

^ ^ *“ A ha ““ hf% 

At the ends of the stroke h/ is zero, and for simple harmonic 
motion ha is zero at the middle of the stroke. 

The work dono per suction stroke is equal to the area 
AEMPD, which equals 

ARSD + BMF = 62-4/» V + . 

a® 

Similarly, during the delivery stroke the work dono is 
62‘4ZV + 

D® 

The friction diagram is HKG, Pig. 309, and the resultant 
diagram of total work done during the two strokes is EMFGrKIl. 

252. Air vessel on the suction pipe. 

As remarked above, in quick running pumps, or when the 
lengths of the pipes are long, the effects of the accelerating forces 
become serious, and air vessels are put on the suction and delivery 
pipes, as shown in Figs. 310 and 311. By this means the velocity 
in the part of tho suction pipe betwe^'n the well and the air 
vessel is practically kept constant, the water, which has its 
velocity continually changing as the velocity of tho piston 
changes, being practically confined to tho water in the pipe 
between the air vessel and the cylinder. The head required to 
accelerate the water at any instant is consequentty diminished, 
and tho friction head also remains nearly constant. 

Let be the length of the pipe between the air vessel and 
the cylinder, Z the length from the well to tho air vessel, a tho 
cross-sectional area of each of the pipes and d the diameter of the 
pipe. 

Let ha be the pressure head in the air vessel and let the air 
vessel bo of such a size that the variation of the pressure may for 
simplicity be assumed negligible. 

Suppose now that water flows from the well up the pipe AJ3 
continuously and at a uniform velocity. Tho pump being single 
acting, while the crank makes one revolution, the quantity of 
water which flows along AB must be equal to the volume the 
plunger displaces per stroke. 

L. n. 


31 
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The timo for the crank to make one revoluiion Ir 

f = — secs., 


therefore, the mean velocity of flow is 


A __ A ^ 
a 2v IT a * 


^For a double acting pump = ~ j 

During the delivery stroke, all the water is entering the air 
vessel, the water in the pipe BG being at rest. 



Fip 310, 


Then by Bornouilli’s thoorom, including friction and the velocity 
head, other losses being neglected, the atmospheric head 

„ , A* coV . 4/A*«>VZ 

H-a! + A. + 2^^, (!)• 

ITie third and fourth quantities of the riglit-hand part of the 
equation will generally be very small and hv is practically equal 
to H-aj. 

When the suction stroke is taking place, the water in the pipe 
BO has to be accelerated. 

Let Hb be the pressure head at the point B, when tho velocity 


of the plunger is v feet per second, and the acceleration F feet per 
second per second. 
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Let hf be the loss of head by friction in AB, and hj the loss in 
BO. The velocity of flow along BO is and the velocity of 
flow from the air vessel is, therefore, 

v.A Ator 
a ’tra * 

Then considering the pipe AB, 

2p7rV 

and from consideration of the pressures above B, 

/vA A.wr\ * 




ag 


Neglecting losses at the valve, the pressure in the cylinder is 

then approximately 

, „ AhF 

fco-Hn-fe/- — 

2g7rW ' ^ ag 

Neglecting the sinall quantity » 

h,= n - A - (v+ V) - 

For a plunger moving with simple luirmonic motion 
1. TT L 4/tDV*A * /I 7 • 9 A A ZiO)*r cos 0 

By putting the air vessel near to the cylinder, thus making 
li small, the acceleration head becom(*s very small and 
feo = n - h - Z*/ nearly, 

and for simple harmonic motion 

, TT I. 4fu>^r^A^ I 

The mean velocity in the suction pipe can vt*ry readily be 
determined as follows. 

Lot Q be the quantity of water lifted per second in cubic feet. 
Then since the velocity along the suction pipe is practically 

constant ^ and the friction head is 
a 


2 ga^d' 


31—2 
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When the pump is single acting and there are n strokes per 


second, 

<1 

II 

<y 

) 

and therefore, 

A . • 71 

2a * 

and 

, fAWl 
2ga'd 


If the pump is double acting, 

, 2/A WZ 

^ ga^d 

For the same length of suction pipe the moan friction head, 
when there is no air vessel and the pump is single acting, is 
tinxes the friction head when there is an air vessel. 


253. Air vessel on the delivery pipe. 

An air vessel on the delivery pipe serves the same purpose 
as on the suction pipe, in diminishing the mass of water wliich 
changes its velocity as the piston velocity changes. 



As the delivery pipe is generally much longer than the suction 
pipe, the changes in pressure duo to acceleration may be much 
greater, and it accordingly becomes increasingly desirable to 
provide an air vessel. 

Assume the air vessel so large that the pressure head in it 
remains practicnlly constant. 
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Let Zg, Fig. 311, be the length of the pipe between the pump and 
the air vessel, U be the length of the whole pipe, and and T> the 
area and diameter respectively of the pipe. 

Let fea be the height of the surface of the wafer in the air vessel 
above the centre of the pipe at B, and let be the pressure head 
in the air vessel. On the assumption that remains constant, 
the velocity in the part BG of the pipe is practically constant. 

Let Q be the quantity of water delivered per second. 

The mean velocity in the part BG of the delivery pipe will be 



The friction head in this part of the pipe is constant and equal to 

Considering then the part BG of the delivery pil>e, the total 
head at B required to force the water along the pipe will bo 

z+f£^ih-U) + -n.. 

But the head at B must be equal to H» + /ig nearly, therefore, 

H,4/i,= Z + 2-J^(?,-W + H (1). 

In the part AB of the pipe the velocity of the water will vary 
with the velocity of the plunger. 

Let V and F bo the velocity and acceleration of the plunger 
respectively. 

Neglecting the water in the cylinder, tho head Hr resisting the 
motion of the pliingiT will be the head at B, plus the head 
necessary to overcomo friction in AB, and to accelerate the water 
in AB. 


Tlierofore, Hr = 11. + ^ + 


2(/Da,‘ aijjr 

For the same total length of the delivery pipe the acceleration 
head is clearly much smaller than when there is no air vessel. 
Substituting for B« + h. from (1), 

Hr = Z + n 4 yt + 4- 


2gD' 


2gDai^ 


(hg 


If the pump is single acting and the plunger moves with simple 
harmonic motion and makes n strokes per second, 


n 


Q-A2r£ 
Am 

at 




and 
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ndlOX'OfOFO 

2g} )ai^ 20fDai ai g 

Neglecting the friction head in U and assuining U small com- 
pared with 2<i» 

TT rz n 4f7^n^A% Ah ^ A 

Hr=^ Z + n + -o~iT“a~ + coVcOS^. 


254. Separation during the suction stroke. 

In reciprocating pumps it is of considerable importance that 
during the stroke no discontinuity of flow shall take place, or 
in other -words, no part of the water in the pipe shall separate 
from the remainder, or from the water in the cylinder of the pump. 
Such separation causes excessive shocks in the working parts of 
the pump and kmds to broken joints and pipes, due to the hammer 
action caused by the sudden chaTige of momentum of a large mass 
of moving water overtaking the part from which it has become 
separated. 

Consider a section AB of the pipe, Fig. 301, near to the inlet 
valve. For simplicity, neglect the acceleration of the water in the 
cylinder or suppose it to move with the plunger, and let the 
acceleration of the plunger be F feet per second per second. 

If now the water in the pipe is not to be separated from that in 
the cylinder, the acceleration fa of the water in the pipe must not 
FA 

be less than feet per second per second, or separation will not 
take place as long as l/o. 

FA 

If fa at any instant becomes equal to , mid fa is not to be- 

Qf 

FA 

come less than - , the diminution 9/ of /a, when F is diminished 
0/ 

A 

by a small amount 9F, must not bo less than ~ c»F, or in general 

Or 

A 

the differential of /« must not bo less than — times the differential 

Or 

of F. 

The general condition for no separation is, therefore, 

f c>Fi5/ (1). 


Perhaps a simpler way to look at the question is as follows. 

Let it be supposed that for given data the curve of pressures 
in the cylinder during the suction stroke has been drawn as in 
Pig. 809. In this figure the pressure in the cylinder always remains 
positive, but suppose some part of the curve of pressures EF to 
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come below the zero line BO as in Pig. 312*. The pressure in the 
cylinder then becomes negative; but it is impossible for a fluid 
to be in tension and therefore discontinuity in the flow must 
occur t. 

In actual pumps the discontinuity will occur, if the curve BPG 
falls below the pressure at which the dissolved gases are liberated, 
or the pressui*e head becomes less than from 4 to 10 feet. 


G 



Fig 312. 


At the dead centre the pressure in the cylinder just becomes 
zero when & + feo H, and will become negative when h-^ha> H. 
Tlieorotically, therefore, for no separation at the dead centre, 

h,^U-h or 

ga 

If separation takes place when the pressure head is less than 
some head Iht, for no separation, 

Jla ^ ^ m “ 

and — = I . 

Neglecting the water in the cylinder, at any other point in the 
stroke, the pressure is negative when 

, , , i;® A* tt 

fc + fca + A/ + ^--^>H. 

That is, when h + ^ ^ ^ > H. 

And the condition for no separation, therefore, is 

FA 

a L 


• Sec also Fig 815, page 489. 

i* Surfiaoe tension of iluids at rest is not alluded to. 


( 2 ). 
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255. Separation during the suotion stroke when the 
plunger moves with simple harmonic motion. 

When the plunger is driven by a crank and very long con- 
necting rod, the acceleration for any crank angle B is 

F = r cos 

or if the pump makes n single strokes per second, 


Cdssim, 

and F = . r cosS « . U cos^, 

It being the length of the stroke. 

F is a maximum when 0 is zero, and separation will not take 
place at the end of the stroke if 

a ““ L • 


and will just not take place when 
A , ^ X 


a " M / U. *“ ^ m “* lit 

— ctfV or — = ?“ 

a 2 a • ^ \ L 


)• 


The minimum area of the suction pipe for no separation is, 
therefore, 

*^-g(E-K-h) 

and the maximum number of single strokes per second is 


n = 



2g(R-hm-h) 

A.lt.h 


a 


(4). 


Separation actually takes place at the dead centre at a less 
number of strokes than given by formula (4), due to causes 
which could not very well be considered in deducing the formula. 


Example. A single acting pump has a strolce of inches and the plunger is 
4 inches diameter. The diameter of the suction pipe is 8^ inches, the length 
12 6 feet, and the height of the centre of the pump abore the water in the well is 
10 feet. 

To find the number of strokes per second at which separation will take place, 
assummg it to do so when the piessuiu head is zero. 

H«As24feet, 

-=1-63, 

a 


and, therefore, 


1 / 64x24x12 

"~VV 1-63 X 7-6 X 12-6 



ss210 strokes per minute. 


Nearly all actual diagrams taken from pumps, Figs. 818 — 316, 
have the corner at the commencement of the suction stroke 
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rounded ofE, so tliat even at very slow speeds slight separation 
occurs. The two principal causes of this are probably to be found 
first, in the failure of the valves to opon instantaneously, and 
second, in the elastic yielding of the air compressed in the water 
at the end of the delivery stroke. 



Fig. sia. 




Tlie diagrams Figs. 303 and 313—31 5, taken from a single-acting 
pump, having a stroke of inches, and a ram 4 inches diameter, 
illustrate the effect of the rounding of the corner in producing 
separation at a loss speed than that given by equation (4). 

Even at 59 strokes per minute. Fig. 303, at the dead centre a 
momentary separation appears to have taken place, and the water 
has then overtaken the plunger, the hammer action producing 
vibration of the indicator. In Figs. 313 — ^315, the ordinates to the 
line T8 give the theoretical pressures during the suction stroke. 
The actual pressures are shown by the diagram. At 130 strokes 
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per minnto at the point e in the stroke tho available pressure is 
clearly less than e/ the head required to lift the water and to 
produce acceleration, and tho water lags behind the plunger. 
This condition obtains until the point a is passed, after which 
the water is accelerated at a quicker rote than the piston, and 
finally overtakes it at tho point 6, when it sirikes the plunger and 
the indicator spring receives an impulse which makes the wave 
form on the diagram. At 230 strokes per minuto, the speed being 
greater than that given by the formula whon is assumed to 
be 10 feet, the separation is very pronounced, and the water does 
not overtake tlie piston until ‘7 of tho stroke has taken place. It 
is interesting to endeavour to show by calculation that the water 
should overtake the plunger at 5. 

While tho piston moves from a to 6 the crank turns through 
70 dogreos, in Wir seconds =*101 seconds. Between these two 
points the pressure in the cylinder is 2 lbs. per sq. inch, and 
therefore the head available to lift the water, to overcome all 
resistances and to accelerate tho wator’in the pipe is 29*3 feet. 

The hc'ight of the centre of the pump is 6' 3" above the water 
in the sump. Tho total length of the suction pipe is about 
12*5 feet, and its diameter is 3J inches. 

Assuming tho loss of head at the valve and due to friction etc,, 
to have a moan value of 2*5 feet, the mean effective head accele- 
rating tho water in the pipe is 20*5 feet. The mean acceleration 
is, therefore, 

r 20*5 X 32 - . 

fa = 22*5 “^2 5 foot per sec. per sec. 

When tho piston is at g tho water will be at some distance 
behind tho piston. Tiot this distance bo z inches and let tho 
velocity of tho water be u feet per sec. Then in the time it 
takes the crank to turn through 70 degrees the water will move 
through a distance 

S = Ut+lfai^ 

= 0*101^ + ^52*5 X “0102 feet 
= + 3*2 inches. 

The horizontal distance cih is 4*2 inches, so that z + 4*2 inches 
should be equal to V2u + 3*2 inches. 

The distance of the point g from the end of the stroke is 
*84 inch and the time taken by the piston to move from rest to g, 
is 0*058 second. Tlie mean pressure accelerating the water during 
this time is the mean ordinate of akm whon plotted on a time 
base; this is about 5 lbs. per sq. inch, and the equivalent head is 
12*8 feet. 
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The frictional resistances, which vary with the velocity, will ho 
swalL Assuming the mean frictional head to be ‘25 foot, tho head 
causing acceleration is 12*55 feet and the mean acceleration of tho 
water in the pipe while the piston moves from rest to g is, 
therefore, 

. 12*55x32 ooir ^ 

” — Ttvr — “ “ feet per sec. per sec. 
o 


The velocity in the pipe at the end of 0*058 second, should 
therefore be 

= 82 X *058 = 1*86 feet per sec. 
and the velocity in tho cylinder 


u- 


rm 

1*63 


= 1*12 feet per sec. 


Since the water in tho pipe starts from rest tho distance it 
should move in 0*058 second is 


12.^32. (058)*- *65 in., 

and the distance it should advance in the cylinder 


is 


0*65 . . . 

jTgjj ms. - 4 in.; 


so that z is 0*4 in. 

Then z + 4*2 ins. - 4*6, 

and l*2n + 3*2 ins. = 4*57 ins. 

The agreomont is, therefore, very close, and the assumptions 
made are api^arently justified. 


256. Negative slip in a plunger pump. 

Fig. 315 shows very clearly the momentary increase in the 
pressure due to the blow, when the water overtakes the plunger, 
the pressure rising above the delivery pressure, and causing 
discharge before tho end of the stroke is rcache 1 If no separa- 
tion had taken place, the suction pressure diagi’am would have 
approximated to the lino rs and the delivery valve would still 
have opened before the end of the stroke was reached. 

The coofBcient of discharge is 1*025, whereas at 59 strokes 
por minute it is only 0*975. 


257. Separation at points in the suction stroke other than 
at Uie end of the stroke. 

The acceleration of tho plunger for a crank displacement 0 
is wV cos 0, and of the water in the pipe is cos fl, and therefore 

d 

for no aeparation at any orank angle 0 

«*rA a ^9 (-a r. i. “Vsin*^A* 

— 2 -,- -h,) ( 1 ). 
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Putting in the valae of h/, and differentiating both sides of the 
equation, and using the result of equation (1), page 456, 

^«i»Vsin 6 £ ^ ® 

Separation will just not take place if 


from which 


aL£A(l 


aL = Ar(l + ^-^) 


COS 0 , 


or wlion 


cos 


Ar 


aJj 


( 2 ). 


Since cos 0 cannot be greater than unity, there is no real 
solution to this equation, unless Ar ^1 + is equal to or 

greater than ah 

4ifl 

H, therefore, is supposed equal to zero, and aL the volume 

of the suction pipe is greater than haH the volume of the cylinder, 
separation cannot take place if it does not take place at the dead 
centre. 

In actual pumps, aL is not likely to be less than Ar, and 
consequently it is only necessary to consider the condition for no 
separation at the dead centre. 


258. Separation with a large air vessel on the suction pipe. 

To find whether separation will take place with a large air 
vessel on the suction pipe, it is only necessary to substitute in 
equations (2), section 254, and (3), (4), section 25"), hp of Fig. 310 
for H, k for L, and hi for A In Fig. 310, hi is negative. 

For no separation when tlie plunger is at the end of the stroke 
the xninimum area of the pipe between the air vessel and the 
cylinder is 

€i)V . A . 

Substitiutuig for ^its yalue from equation (1), section 253, and 
hiar m — hi, Pig. 310, 

coV . A . Ii 


a = 


nf-n-K-h 4/La>VA» y 

^ \ "* 2gir*a 2gfdjr*a* / 

If tbe velocity and friction beads, in tbe denominator, be 
neglected as being small compared with (H - h), then. 


«*VAZj 



BECIPnOCATlNG PUMPS 


498 


The maximum number of strokes is 



A pump can therefore be run at a much greater speedy without 
fear of separation^ with an air vessel on the suction pipe, than 
without one. 


259. Separation in the delivery pipe. 

Consider a pipe as shown in Fig. 816, the centre of CD being at 
a height Z above the centre of AB. 

Let the pressure head at D be Ho, which, when the pipe 
discharges into the atmosphere, becomes H. 

Let Z, li and Za be the lengths of AB, BC and CD respectively, 
fe/, hf, and fc/» losses of head by friction in these pipes when the 
plunger lias a velocity r, and the pressure at wliich separation 
actually takes place. 





Fig. 316. 

Suppose now the velocity of the plunger is diminishing, and its 
retardation is F feet per second per second. If there is to be 

P A 

continuity, the wafer in tho pipe must be also retarded by 

feet per second per second, and tho pressure must always be 
positive and greater than few. 

Let He be the pressure at C ; then the head due to acceleration 
in the pipe DC is 

FAZ2 


•/ — 

and if the pipe CD is full of water 
which becomes negative when 


FAZa . 

gcL 


Ho + }if* 
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The condition for no separation at 0 is, therefor^ 

¥AU 


or separation takes place when 
FAl, 


ga 


go. ’ 

> So ~ hm + A/ . 


At tho point B separation will take place if 


and at tho point A if 

— ^ ^K-E, + Z-K + hr<h^, + hr,, 

a g 

At the dead centre v is zero, and the friction head vanishes. 
For no separation at tho point C it is then necessary that 


So 


for no separation at B 


FAZa 
ga * 


ga 

and for no separation at A 

ga 


For given values of Ho, F and Z, the great or h, the more likely 
is separation to take place at C, and it is therefore better, for 
a given total length of the discharge pipe, to let tho pipe rise near 
the delivery end, as shown by dotted lines, rather than as shown 
by tho full lines. 

If sejia ration docs not take place at A it clearly will not take 
place at B. 


Exaviple. Tho retardation of tho phiiigor of a piim|) at tho ond of its stroke 
18 8 feet per Bocond per Bcconil. Tho latio oi tho area ol tho deJimy pipe to the 
plunger ib 2, and tho total length of the dcliseiypipe ib 152 feet. The pipe is 
horizontal for a Icugih of 45 feet, then vertical for 40 foet» then rises 6 feet on 
a slope of 1 voitieal to 3 honzontnl and is thou horizontal, and disoharges into 
the atmopphere. Will sepaiation take plaoe on tho assumption that the piessure 
head oannot be less than 7 feet? 

Atu, At the bottom of the sloping pipe the pressure is 

89feet-?-®-?=5 6feet. 
a 32 

The presmre head is therefore less than 7 feet and separation will take place. 

The student should also Ond whether there is separation at any other point. 
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260. Diagram of pressure in the cylinder and work done 
during the suction stroke, considering the variable quantity of 
water in the cylinder. 

It is instractive to consider the suction stroke a little more in 
detail. 

Let V and P be the velocity and acceleration respectively of 
the piston at any point in the stroke. 

As the piston moves forward, water will enter the pipe from the 
well and its velocity will therefore be increased from zero to 


V. 


A 

a' 


the head required to give this velocity is 


i;*A» 

2ga^' 


( 1 ). 


On the other hand water that enters the cylinder from the pipe 
■ • • ■ 'u.iV 

is diminished in velocity from — to v, and neglecting any loss due 

CL 

to shock or due to contraction at the valvo there is a gain of 
pressure head in the cylinder equal to 


2g a® ~ 2g 


C2). 


The friction head in tlio pipe is 


^ 2gd‘d 


(3). 


Tlie head required to accelerate the water in the pipe is 




PAL 

ag 


C4). 


Tlie mass of water to be accelerated in the cylinder is a 
variable quantity and will depend upon the plunger displacement. 
Let the displacement be x feet from the end of the stroke. 

The mass of walor in the cylinder is — lbs. and the force 
required to accelerate it is 

and the equivalent head is 

r 

wA g 

Tlio total accoloration head is therefore 


F / . LA 
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Now let Ht be the prossare head in the cylinder, then 

TT -tt h V* 4fLA.V E / , LA\ 

2g a-* 2g a® 2g 2g.da* g v a ) 



When the plunger moves with simple harmonic motion, and is 
driven by a crank of radius r rotating uniformly with angular 
velocity <*>, the displacement of the plunger from the end of the 
stroke is r (1 - cos 6), the velocity wr sin 0 and its acceleration is 
o>V cos 0. 

Therefore 

coVsiii^^ 4/TiAV 

2g 2gda^ 

L « A n <*>Vcos^ . ^ 

<u-r->cos0 + ...(6). 

go. g g 

WorJc done during the auction atrohe. Assuming atmospheric 
pressure on the face of the plunger, the pressure per square foot 
resisting its motion is 

(n - Ho) V). 

For any small plunger displacement 0®, the work done is, 
therefore, 

A (H - Ho) w . dxy 

and the total work done during the stroke is 

E = A (H - Ho) w . 0®. 

The displacement from the end of the stroke is 
0 ? = r (1 — cos 0)y 

and therefore dx-r sin 0d0y 

and E = ^ w . A (H - H©) r sin 0d0. 

Substituting for Ho its value from equation (6) 

■n k Ti . 4/LA*<uVsin®^ . <o^r^Bw^0 

^ _;|Vco£f ^ L A ,1 ^ 

g g g a J 

The sum of the integration of the last four quantities of this 
expression is equal to zero, so that the work done by the 
accelerating forces is zero, and 

E = wAr 


j (A + A/) sin 0 d 0 
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Or the work done is that required to lift the water through 
a height h together with the work done in overcoming the 
resistance in the pipe. 

Diagrams of pressv/re in the cylinder and of worTc done per 
stroke. The resultant pressure in the cylinder, and the head 
resisting the motion of the piston can he represented diagram- 
matically, by plotting curves the ordinates of which are equal to 
Ho and H-Ho as calculated from equations (5) or (6). For 
clearness the diagrams corresponding to each of the parts of 
equation (6) are drawn in Figs. 318 — 321 and in Fig. 317 is shown 
the combined diagram, any ordinate of which equals 


H - - (4Z + cd + ef- gh). 
V 



Figs. 818, 319, 820. Figs. 321, ? '2. 


In Fig. 318 the ordinate cd is equal to 


4/LA» 

2gda* 


w*r® sin* Oy 


and the curve H JK is a parabola, the area of which is 


2 4/LA* 

3* 2gda^ 




L. H. 


32 
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In Fig. 819, tlie ordinate e/is 


mV . 


and the ordinate gh of Fig. 820 is 

mV 


+ — ^ cos* 0, 
9 


The areas of the onrves are respectively 


2 m^r* , j 1 ««>V 

8 V*’“^5T' 


and are therefore equal; and sinoe the ordinates are always of 
opposite sign the sum of the two areas is zero. 

In Fig. 322, hm is equal to 

a>V ooa 6 

9 • 

and Td to 

wV ^ / L . AN 

— COB e I aj + ) • 

g \ a / 

Since COS 9 is negative between 90* and 180* the area WXT is 
equal to YZU. 

Fig. 321 has for its ordinate at any point of tho stroke, the 
bead H-Ho resisting the motion of the piston. 

This equals + iZ + od + e/- grfe, 

and the curve NFS is clearly the curve GFE, inverted. 

The area VNST measured on the proper scale, is tho work done 
per stroke, and is equal to VMRT + HJK. 

The scale of the diagram can be determined as follows. 

Since h feet of water = 62'4j^ lbs. per square foot, the pressure 
in pounds resisting the motion of the piston at any point m the 
stroke is 

62-4. A. lbs. 


If therefore, VNST be measured in square feet the work done 
per stroke in f t.-lba. 

« 62-4 A. VNST. 


261. Head lost at the suction vsdve. 

In determining the pressure head ISU in the cylinder, no account 
has been taken of the head lost due to the sudden enlargement 
from the pipe into the cylinder, or of the more serious loss of head 
due to the water passing through the valve. It is probable that the 

whole of the velocity head, 2^» water entering the cylinder 

from the pipe is lost at the valve, in which case the available head 
II will not only have to give this velocity to the water, but will 
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also have to give a velocity head to any water entering the 
oylinder from the pipe. 

The pressure head Ho in the cylinder then becomes 

TT A* u* 4 /Li;°A* F / ZA\ 

® 2p'a* 2p 2gda^ g\^ a)* 


262. Variation of the pressure in hydraulic motors due 
to inertia forces. 

The description of hydraulic motors is reserved for the next 
chapter, but as these motors are similar to reversed reciprocating 
pumps, it is convenient here to refer to the effect of the inertia 
forces in varying the effective pressure on the motor piston. 

If L is the length of the supply pipe of a hydraulic motor, a 
the cross-sectional area of the supply, A the cross-sectional area 
of the piston of the motor, and F the acceleration, the acceleration 
. F.A 

of the water in the pipe is ^ and the head required to accelerate 
the water in the pipe is 


ha- 


FAL 

ga 


If p is the pressure per square foot at the inlet end of the 
supply pipe, and h/ is equal to the losses of head by friction in the 
pipe, and at the valve etc., when the velocity of the piston is i?, the 
pressure on the piston per square foot is 

p« = p- wha*” wjh/. 

Wlien the velocity of the piston is diminishing, F is negative, 
and the inortia of the water in the pipe increases the pressure on 
the piston. 


Example (1). The stroke of a doable acting pump is 15 inches and the number of 
strokes per minute in 80. The diameter of the plunger is 12 inches and it moves 
vrith simple harmonic motion. The centre of the pump is 13 feet above the '^ater 
in the well and the length of the suction pij)e is 25 feet. 

To find the diameter of the suction pipe that no separation shall take places 
assuming it to take place when the pressuro h<*ad becomes loss than 7 feet. 

As the plunger moves witli simple harmonic motion, it may be supposed driven 
by a crank of 7^ inches radius and a very long conncctiug x..>d, the angular 
velocity of the crank being 2ir^0 radians per minute. 

Ttie acceleration at the end of the stroke is then 

4ir«.40i».r 

60 

Therefore. | "2®'* 

A 

from which -a=r6A 


32-2 
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Therefore 7=1 '28 

a 

and d=9-4". 

At is clearly less than at, therefore BeparatJon cannot taft place at any other 
point in the stroke. 


Example (2). The pump of example (1) delivers water into a rislDg main 
1226 feet long and 5 inches diameter, which is fitted with an air vessel. 

The water is lifted through a total he^ht of 220 feet. 

Neglecting all losses except friction in the delivery pipe, determine the horse- 
power required to work the pump. /='0105. 

Since there is an air vessel in the delivery pipe the velocity of flow u will be 
practically uniform. 

Let A and a be the oross-seotional areas of the pump cylinder and pipe respect- 
ively. 

- A.2r.80 D*2r.80 

«“-6o5 ^ -W 

12» 10 80 
“26 

The head h lost due to friction is 

^ *042 x 9-6>x 1226 

a: 176*4 feet. 

The total lift is therefore 

220+176'4=396'4 feet. 

The weight of water lifted per minute is 
IT 16" 


4* 12 


. 80 X 62*5 lbs. =4900 lbs. 


Therefore, 




Example (3). If in example (2) the air vessel is near the pump and the mean 
level of the water in the vessel is to be kept at 2 feet above the centre of tibe 
pump, find the pressure per sq. inch in the air vessel. 

The head at the junction of the air vessel and the supply pipe is the head 
necessary to lift the water 207 feet and overcome the friction of the pipe. 

Therefore, + 2' = 207 + 176*4, 

H«=381*4 feet, 

381*4x62*6 

144 

sl66 lbs. per sq. inch. 


Example (4). A single acting hydiaulio motor making 60 strokes per minute 
has a cylinder 8 inolies diameter and the length of tbe stroke is 12 inches. The 
diameter of the supply pipe is 3 inches and it is 600 feet long. The motor is 
supplied with water from an accumulator, see Fig. 339, at a constant pressure of 
800 lbs. per sq. inch. 

Kegleoting the mass of water in the cylinder, and assuming the piston moves 
with simple harmonic motion, find the pressure on the piston at the beginning and 
the centre of its stroke. The student should draw a diagram of pressure for one 
Btf oko 

There are 25 useful strokes per minute and the volume of water supplied 
per minute is, therefore, 

25 . T 8*726 cubic feet. 

4 

50 ^ 

At the commencement of the stroke the acceleration m n 6nd the velocity 
in the supply pipe is aero. 
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The head required to accelerate the water in the pipe ie, therefore, 

, r*. 502.1.8*. 600 

00».2.8>.82 
s880 feet, 

which is equivalent to 165 lbs. per sq. inch. 

The effective pressure on the piston is therefore 185 lbs. per sq. inch. 

At the end of the stroke ^e effective pressure on the piston is 465 lbs. 
per sq. ^ch. 

At the middle of the stroke the acceleration is zero and the velocity of the 
piston is 

rrsl'31 feet per second. 

The fnotion head is tlien 

•04.1 -SI*. 8*. 600' 

^108 feet. 

The pressure on the plunger at the middle of the stroke is 
300 Iba. =s 253 lbs. per sq. inch. 

The mean frictioi. head during the stroke is } . 108=72 feet, and the mean loss 
of pressure is 81 '8 lbs per sq inch. 

The work lost by friction in the supply pipe per stroke is 81*3 . ^ . 8* . Z, 

= 1570 ft. lbs. 

The work lost per minute =39250 ft. lbs. 

The net work done pet minute neglecting other losses is 

(300 lbs. - 81-3) . j , I, . 8* . 2,5 
= 337,700 ft, lbs,, 

and therefore the work lost by friction is about 10*4 per cent, of the energv supplied. 

Other causes of loss in thir. case aro, the loss of head due to shock where the 
water enters the oyhndez, and losses due to bonds and contraction at tho \alveA 

It can safely be asserted that, at any instant, a head equal to the velocity head 
of the water in the pipe, will be lost by sliocU at the valves, and a similar quantity 
at tho enlranoe to the cylinder These quantities are however always small, and 
even if tlioic are bonds along the pipe, which cause a furtluT loss of liead equal to 
the velocity head, or even some multiple of it, the pere<^Dtnge loss of head will still 
be small, and the total hydiaulio oilioiency will be high. 

This example shows clearly that power can be Uansnutted hydiaulically 
efficiently over comparatively long distances. 

263. High pressure plunger pump. 

Fig. 823 shows a section through a high pressure pump 
suitable for pi'essures of 700 or 800 11 )s. per sq. inch. 

Suction takes place on tho outward stroke of tho plunger, and 
delivery on both strokes. 

A brass liner is fitted in tbe cylinder and the plunger which, 
as shown, is larger in diameter at the right end than at the left, 
is also made of brass ; the piston rod is of steel. Hemp packing 
is used to prevent leakage past tbe ])iston and also in tbe gland 
box. 

The plunger may have leather packing as in Fig. 324. 

On the outward stroke neglecting slip tho volume of water 
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Fig 323 High pressure Double Acting Famp. 



BfecintocATiKa pumps 


503 


drawn into tiie cylinder is ^Dt*.L cubic feet, Do being the dia- 
meter of the piston and L the length of the stroke. The quantity 
of water forced into the delivery pipe through the valve Vd is 


j (Do* - <P) L cubic feot, 

d being the diameter of the small part of the 
plunger. 

On the in-stroke, the suction valve is 
closed and water is forced through the 
delivery valve j part of this water enters 
the delivery pipe and part flows behind the 
piston through the port P, 

The amount that flows into the delivery pipe is 

jL{D.*-(Do*-d*)} = JdT.. 

If, therefore, (D,* — d®) is made equal to d*, or D. is the 

delivery, during each stroke, is gDo®L cubic feet, and if there are 

n strokes per minute, the delivery is 42*45 Do*L» gallons per 
minute. 




Fig. S26. Tangye Duplex Pump. 


264. Duplex feed pump. 

Fig. 325 shows a section through one pump and steam cylinder 
of a Tangye double-acting pump. 
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There are two steam cylinders side by side, one of which only 
is shown, and two pump cylinders in line with the steam cylinders. 

In the pump the two lower Talves are suction valves and the 
two upper delivery valves. As the pump piston P moves to the 
right, the left-hand lower valve opens and water is drawn into the 
pump from the suction chamber 0. During this stroke the right 
upper valve is open, and water is delivered into the delivery Oi. 
When the piston moves to the left, the water is drawn in through 
the lower right valve and delivered through the upper loft valve. 

The steam engine has double ports at each end. As the piston 
approaches the end of its stroke the steam valve, Fig. 326, is at rest 
and covq?:s the steam port 1 while the inner steam port 2 is open 
to exhaust. When the piston passes the steam port 2, the steam 
enclosed in the cylinder acts as a cushion and brings the piston 
and plunger gradually to rest. 



Fig. 326. 



Fig 827. 


Let the one engine and pump shown in section be called A and 
the other engine and pump, not shown, be called B. 

As the piston of A moves from right to left, the lever L, Figs. 
325 and 327, rotates a spindle to the other end of which is fixed a 
crank M, which moves the valve of the cylinder B from left to 
right and opens the left port of the cylinder B. Just before the 
piston of A reaches the left end of its stroke, the piston of B, 
therefore, commences its stroke from left to right, and by a lever 
Li and crank Mi moves the valve of cylinder A also from left to 
right, and the piston of A can then commence its return stroke. 
It should be noted that while the piston of A is moving, that of 
B is practically at rest, and vice versa. 

265. The hydraulic ram. 

The hydraulic ram is a machine which utilises the momentum 
of a stream of water falling a small height to raise a part of the 
water to a greater height. 

In the arrangement shown in Fig. 328 water is supplied from a 
tank, or stream, throagh a pipe A into a chamber B, which has two 
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valves V and Yi, Wlien no flow is taking place the valve V falls 
off its seating and the valve Y i rests on its seating. If water is 
allowed to flow along the pipe A it will escape through the open 
valve V. The contraction of the jet through the valve opening, 
exactly as in the case of the plate obstructing the flow in a pipe, 
page 168, causes the pressure to be greater on tho under face of 
the valve, and when the pressure is sufficiently large the valve 
will commence to close. As it closes the pressure will increase 
and the rate of closing will be continually accelerated. The rapid 
closing of the valve arrests the motion of the water in the pipe, 
and there is a sudden rise in pressure in B, which causes the 
valve Vi to open, and a portion of the water passes into the air 
vessel C. The water in tho supply pipe and in the vessel B, after 
being brought to rest, recoils, like a ball thrown against a wall, 
and the pressure in the vessel is again diininisliod, allowing the 
water to once more escape through the valve V. The cycle of 
operations is then repeated, more water being forced into the air 
chamber C, in which the air is compressed, and water is forced up 
tho delivery pipe to any desired height. 



Let h be Hie height tho water falls to tho ram, H the heigl t to 
which tho water is lifted. 

If W lbs. of water descend the pipe per second, the work 
available per second is WA foot lbs,, and if e is the efficiency of tho 
ram, the weiglit of water lifted through a height H will be 


The efficiency e diminishes as H increases and may be taken as 
60 per cent, at high heads. (See Appendix, page 501 .) 

Fig. 329 shows a section through the De Cours hydraulic 
ram, the valves of which arc controlled by springs. The springs 
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can be regulated so that the number of beats per minute is 
plctely under control, and can be readily adjusted to suit varyin^p 
heads. 

With this type of ram Messrs Bailoy claim to have obtained at 
low heads, an efficiency of more than 90 per cent., and with H 
equal to 8h an efficiency of 80 per cent. 



As the water escapes through the valve Vi into the air vessel 0, 
d little air should be taken with it to maintain the air pressure in 
0 constant. 

This IS efFectod in the Do Cours ram by allowing the end of the 
exhaust pipe F to be under water. At each closing of the valve 
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y, the siphon action of the water escaping from the discharge 
^ lauses air to be drawn in past the spindle of the valve, A cushion 
of air is thus formed in the box B every strokoi and some of this 
air is carried into 0 when the valve Vi opens. 

The extreme simplicity of the hydraulic ram, together with 
the ease with which it can bo adjusted to work with varying 
quantities of water, render it particularly suitable for pumping 
in out-of-the-way places, and for supplying water, for fountains 
and domestic purposes, to country houses situated near a stream. 

266. Lifting water by compressed air. 

A very simple method of raising water from deep wells is by 
moans of compressed air. A delivery pipe is sunk into a well, 
the open end of the pijie being placed at a considerable distance 
below the surface of the water in the well- 




Tn the arrangement shown in Fig. 330a, there is surrounding the 
delivery tube a pipe of larger diameter into which air is pumped 
by a compressor. The air rises up the delivery pipe carrying with 
it a quantity of water. An alternative arrangc'mont is shown in 
Fig. 330b. Whether the air acts as a piston and publies the water 
in front of it, or forma a mixture with the water*, depends very 
largely upon the rate at which air is sniiplied to ilie pump. 

In the pump experimented upon by Kelly, at certain rates of 
working the discharge was continuous, the air and the water being 
mixed together, while at low discharges the action was intermittent 
and the pump worked in a definite cycle; the discharge commenced 
• Kelly, Ptoc. In$U C, E, Vol. CLxm, 
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slowly; the velocity then gradually increased until the pipe 
discharged full bore; this was followed by a rush of air, after 
which the flow gradually diminished and finally stopped; after a 
period of no flow the cycle commenced again. When the rate at 
which air was supplied was further diminished, the water rose 
up the delivery tube, but not sufficiently high to overflow, and the 
air escaped without doing useful work. 

The efficiency of these pumps is very low and only in exceptional 
cases does it roach 50 per cent. The volume v of air, in cubic feot, 
at atmospheric pressure, required to lift one cubic foot of water 
through a height h depends upon the efficiency. With an ef- 


h 

ficiency of 30 per cent, it is approximately and with an 


efficiency of 40 per cent. v = ^f. 


25 


approximately. 


It is necessary that the lower end of the delivery be at a greater 
distance below the surface of the water in the well, than the height 
of the lift above the free surface, and the well has consequently to 
be made very deep. 

On the other hand the well is much smaller in diameter than 
would be required for reciprocating or centrifugal pumps, and the 
initial cost of constructing the well per foot length is much loss. 


266 a . The Humphrey internal combustion pump. 

An ingenious, and what promises to be a very efficient pump 
has recently been developed by Mr H. A. Humphrey, which is 
both simple in principle and in construction. The force necessary 
for the raising of the water being obtained by the explosion of a 
combustible mixture in a vessel above the surface of the water in 
the vessel. All rotating and reciprocating parts found in ordinary 
pumps are dispensed with. Tlie idea of exploding such a mixture 
in contact with the water did not originate with Mr Humphrey, 
but the credit must remain with him of having evolved on a 
large scale a successful pump and of having overcome the serious 
difficulties to be faced in an ingenious and satisfactory manner. 

The pnmp in its simplest foim is shown in Fig. 331 A. C is a 
combustion chamber, into which is admitted the combustible 
charge through the valve P. E is the exhaust valve. These two 
valves are connected hj an interlocking*' gear, so arranged that 
when the admission opens and closes it locks itself shut and 
unlocks the exhaust valve ready for the next exhaust stroke. 
When the exhaust valve closes it locks itself, and releases the 

* Pioe. In$t, Meeh. Engs. 1910, 
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admission valve, wliicli is then ready to admit a fresh charge, 
when the suction stroke occurs. A sparking plug, not shown in the 
figure, is used to explode the combustible mixture. 




t 

ST 

I 


1 i 

[_lJ 



Fig. 3 .$ 1 a. 


The delivery pipe D is connected directly to the combustion 
chamber 0 and to the supply tank ET. W is the water valve box 
having a number of small valves V, instead of one big one, opening 
inwards, each held on its seat by a light spring, and through 
which water enters the delivery pipe from the supply tank. 
Suppose a compressed charge to be enclosed in the chamber C and 
fired by a spark. The increase of pressure sets the water in 0 
and in the pipe D in motion, a quantity of water entering the tank 
ET, The velocity of the water in D increases as long as the 
pressure of the gases in 0 is greater than the head against which 
the pump is delivering together with the head lost by fri(*tion, etc. 

Ecf erring to the diagi’am, Fig. 331 A, let h be the head of water, 
supposed for simplicity constant, against wluch tlie pump is 
delivering; let H be the atmospheric pressure in feet of water, 
and p the pressure per sq. foot at any instant in the combustion 
chamber. Let v bo the velocity of the column of water at any 
instant, and let the friction head plus the head lost by eddies as 


Ft;* 

the water enters the supply tank at this velocity long 

as - is greater than H + the mass of water in D will be 

accelerated positively and the maximum velocity of the water 
will bo reached when 


^=n+fc+ 

to 


FrJ 

^9 


The water will have acquired a kinetic energy per lb. equal to 


Vm 


$ 


and will continue its motion towai'ds the tank. 


As it doos BO 
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the pressure in 0 falls below the atmospherio pressure and ihe 
exhaust valve E opens. The pressure in G plus tbe height of the 
surface of the water in C above the centre of W will give the 
pressure in W, and when this is less than the atmospheric pressure 
plus the head of water in ST the valves V will open and allow 
water to enter D, 

When the kinetic energy of the moving column has expended 
itself by forcing wator into the tank ST, the water will begin to 
return and will rise in the chamber C until the surface hits the 
valve E and shuts the exhaust, the exhaust valve becoming 
locked as explained above while the inlot valve is released, 
and is«ready to open when the pressure in 0 falls below the 
atmospheric pressure. A portion of the burnt gases is enclosed 
in the upper part of 0, and the energy of the returning column is 
used to compress this gas to a pressure which is greater than 
& + H. When the column is again brought to rest a second 
movement of the column of water towards D takes place, the 
pressure in G falling again below the atmospheric pressure and a 
fresh charge of gas and air is drawn in. Again the column begins 
to return and compresses the mixture to a pressure much greater 
than that due to the static head, when it is ignited and a fresh 
cycle begins. 

The action of the pump is unaltered if it discharges into an air 
vessel, Fig. 331 b, instead of into an elevated tank, this arrange^ 
ment being useful when a continuous flow is requhed. 



Fig. 331 B. 


Figs. S32 a and 332b show other arrangements of the pump. In 
the two papers cited above other tyi:)C3 and modifications of the 
cycle of operations for single and two barrel pumps are described, 
showing that the pump can be adapted to almost any conditions 
without difficulty. 

An important feature of the pump is in the use that is made of 
the fly-wheel” effect of the moving column of water to give high 
compression, which is a necessity for the efficient working of an 
internal combustion engine*. 

* See works on gas and oil engines. 



FOMPS 


611 


To start the pump from rest, a charge of air is pumped into 
the chamber 0 by a hand pump or small compressor, and the 
exhaust valve is opened by hand. This starts the oscillation of the 
column, which closes the exliaust valve, and compresses the air 
enclosed in the clearance. 



Fig. 3a2A. 



This compressed air expands below the atmospheric pressure 
and a charge of gas and air is drawn into the cylinder, which is 
compressed and ignited and the cycles are commenced. 

For a given set of conditions the length of tho discharge pipe 
is important in determining the periodicity of the cycles and thus 
the discharge of the pump. 

Lot the volume ot gases when explosion takes pla*‘o (Fig. 332o) 
be po lbs. per sq. foot absolute, and let the volume occupied by the 
gases be Yo cubic feet. Let A be the cross-sectional area of the 
explosion chamber, h the head against which tho pump works in 
feet of water, H the atmospheric pressure in feet of water. Let 
the delivery pipe be of length L and of the same diameter as the 
explosion chamber. As the expansion of the gases takes place 
let the law of expansion be pV*- constant. 
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The Tolume Y of the expanding gases when the snr&ce of the 
water has moyed a distance x will be Vi » Y* + As; and the pressare 

will bon.- 
wiUDep, 


A 



If p is the pressure at any instant during expansion the work 
done by the expanding gases is 



PoVo-piVi 

n-l “ 


This energy has had to give kinetic energy to the water in the 
pipe^ to lift a quantity of water equal to Ax into the tank, and to 
overcome friction. If the delivery pipe is not bell-mouthed the 
water as it enters tho tank with a velocity v will have kinetic 

energy per lb. of ^ ft. lbs. 

The kinetic energy of the water in tho pipe at any velocity i? is 


wLAv^ 

2sr 

Let the friction head at any velocity be 
Then 


2sf 


= J^pAdx-w(h*H)Adx- 






.( 1 ). 
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Or from the diagram let AB be the expansion curve of the 
exploded gases. Let h be the head against which the pump is 
lifting, and H the atmospheric pressure expressed in feet of water. 
If there is no friction in the pump, or other losses of head, the 
pressure in the chamber becomes equal to the absolute head 
against which water is being pumped when the volume is V 4 . 

Up to this point the velocity of the water is being increased, 
and 

w , AL . Va 


29 


• = area AFB. 


The actual velocity will be loss than V 4 as calculated from this 
formula, due to the losses of head. 

Let it be assumed that the total loss of energy per lb. at any 
Ft;* 

velocity v is , this including frictional losses and losses by 

eddy motions as the water enters the supply tank. 

Then if EK be made equal to 

Ft^» 

and the parabolic arc FK bo drawn, the frictional head at any 
other volume will be approximately be. The curve AB now cuts 
the curve FK at Gr, and Vi is a nearer approximation to the 
volume at which the maximum velocity occurs. 

Let Vm be this maximum velocity. 

2flr 

The fiiction head can now be corrected if thought desirable 
and Vm re-calculated. At any volume V the velocity is given by 

2(7 

Let the exhaust valve be supposed to open when the pressure 
falls to (say 14'5 lbs. per sq. inch). 

Tlien the velocity when the exhaust opens is given by 
=AOQB-CPGNQ. 

For further movements of the column of water the pressure 
remains constant, and if the energy of water entering through the 
valves V is neglected the water will come to rest when 
ACQRSBA = FGTRO, 

or if the mean loss of head is taken as f of the maximum, when 
+ (V.- VO = (V. -V.) (wh+wB + f . 

L. H. 33 
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From ibis (Miaatioii Y* can be oalcalated or by trial the two 
areas can be made equal. 

By oalcnlatii^ tbe velocity at vaiiooB points along the stroke 
a velocity curve, as sboym in tbe figure, can be drawn. 

The tiwifl taken for the stroke CB can then be found by 

V —V 

dividing the length by the mean ordinate of the velocity 

diagram. 

On the return cushioning stroke the exhaust valve will close 
when the volume Yt is reached and the gases in the cylinder will 
then be compressed. The compression curve can be drawn and 
the velocities at the various points in the stroke oalcnlated. The 
velocity at B for instance in the retmn stroke will be approxi- 
mately given by 

toAL® * 

■ „ ° =BMTS-NMT, 

the area NMT being subtracted because friction will act in 
opposition to the head h which is creating the velocity. 


JSXAMPLES. 


(1) A doublo-acting pluugor pump has a piston 6 inches diameter 
and the length of the strokes is 12 inches. The gross head is 500 feet, 
and the pump makes 80 stiokes per minute. Assuming no slip, find the 
discharge and horse-power of the pump. Find also the uecossary diameter 
for the steam cylinder of an engine driTing the pump direct, assuming the 
steam pressure is 100 lbs. per square inch, and tlie mechanical e£5cienoy 
of the cumbinatiou is 65 per cent. 

(2) A plunger pump is placed above a tank containing water at a 
tonq)crature of 200° F, The weight of the suction valve is 2 lbs. and its 
diameter 1^ inches. Find the maximum height above the tank at which 
the pump may be placed so that it will draw water, the barometer standing 
at 80 inches and the pump being assumed perfect and without clearance. 
(The vapour tension of water at 200° F. is about 11*6 lbs. per sq. inch.) 

(8) A pump cyliudor is 8 inches diameter and the stroke of the plunger 
is one foot. Calculate the maximum velocity, and the acceleration of the 
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water in the saction and deUyery pipes, assuming their respective diameters 
to be 7 inches and 5 inches, the motion of the piston to be simple harmonio, 
and the piston to make 86 strokes per minute. 

(4) Taking the data of question (8) calculate the work done on the 
suction stroke of the pump, 

(1) neglecting tho friction in the suction pipe, 

(2) including tho friction in the suction pipe and assuming that the 

suction pipe is 26 feet lonjg and that 0*01. 

The hei^t of the centre of the pump above the water in the sump is 
18 feet> 

(5) If the pump in question (4) delivers into a rising main against 
a head of 120 feet, and if the length of the main itself is 250 feet, 
find the total work done X)or revolution. Assuming the pump to bo double 
acting, find tlie i.h.p. required to drive the pump, the efficiency being *72 
and no slip in tho pump. Find tho delivery of tho pump, assuming a slip 
of 5 per cent. 

(6) The piston of a pump moves witli simple harmonic motion, and it 
is driven at 40 strokes por minute. The stroke is one foot. The suction 
pipe is 25 foot long, and tlie suction valvo is 19 foot above tho surface of the 
water in the sump. Find the rotio between the diameter of tho suction 
pipe and tho pump cylinder, ho that no sepai'ation may tako place at the 
dead points. Water barom<«tor 84 foot. 

(7) Two doiible-actin" pumps deliver water into a main without an 
air vessel. Each is driven by an engine with a fly-wheel heavy enough to 
keep the speed of rotation itniform, and tho connecting rods oro very long. 

Let Q be tho mean delivery of tlic X‘Uiiii)k por second, Qi the quantity of 
wator in tlie main. Fiud the prohbiire du^ to acceleration (a) at tho begin- 
ning of a stroke when one pump is dollvcring wator, (b) at tho beginning 
of the stroke of one of two doubie-ucting puinj^s driven by cranks at right 
angles when botli are delivt*ring. "When is tho acceleration yi^ro? 

(R'^ A double-acting horizontal pump has a jnslon 6 inches diameter 
(the diameter of tho piston rod is neglected) and the stroke is one foot. 
The wator is pumped to a height of 250 feet along a delivery pipe 450 foot 
long and 4j^ iucJios diameter. An air vessel is xmt on the delivery pipe 
10 feet from tho delivery valvo. 

Find the pressure on tlie x>ump piston at tlie two ends of tlie stroke 
when the x>ump is making 40 strokes per minute, assuming tho piston 
moves witli simple harmonic motion and comparo these pressiu es with tho 
pressures when tlicrc is no air vessel. *0075. 

(0) A singlo acting hydraulic motor makes ICO strokes por minute and 
moves with simple harmonic motion. 

The motor is supplied with water from an accumulator in which the 
pressure is maintained at 200 lbs. por square inch. 

Tho cylinder is 8 inches diameter and 12 inches stroke. The delivery 
pipe is 200 feet long, and the coefficient, which includes loss at bends, etc. 
may be taken a8/»:0'2. 


83—8 



616 


HTDRAULTC8 


Neglecting the mass of the reciprocating parts and of the variable 
quantity of water in the cylinderi draw a curve of effective pressure on tlio 
piston. 

(10) The suction pipe of a plunger pump is 85 feet long and 4 inches 
diameter, the diameter of the plunger is 6 inches and the stroke 1 foot. 

The delivery pipe is 2^ inches diameter, 90 feot long, and the head at 
the delivery valve is 40 feet. There is no air vessel on the pump. The 
centre of the pump is 12 feot 6 inches above the level of the water in the 
sump. 

Assuming the plunger moves with simple harmonic motion and makes 
60 strokes per minute, draw the theoretical diagram for the pump. 

Neglect the effect of the variable quantity of water in the cylinder and 
the loss of head at the valves. 


(11) Will separation take place anywhere in the delivery pipe of the 
pump, the data of which is given in question (10), if the pipe first runs 
horizontally for 50 feet and then vertically for 40, or rises 40 feet im- 
mediately from the pump and then runs horizontally for 50 feet, and 
separation takes place when the pressure head falls below 5 feot? 


(12) A pump has three single-acting plungers 29^ inches diameter 
driven by cranks at 120 degrees with each other. The stroke is 5 feet and 
the number of strokes per minute 40. The suction is 16 feet and the length 
of the suction pipe is 22 feot. The delivery pix>o is 8 feet diameter and 
850 foot long. The head at the delivery valve is 214 feet. 

Find (a) the minimum diameter of the suction pipe so that there is no 
separation, assuming no air vessel and that separation takes place when 
the pressure becomes zero. 

(6) The horse-power of the pump when there is an air vessel on the 
delivery very near to the pump. /=’007. 


[The student should draw out throe cosine curves differing in phase by 
120 degrees. Then remembering that the pump is single acting, the 
resultant curve of accelerations will be found to have maximum positive 


and also negative values of 


wV.A 

2a 


every 60 degrees. 


The maximum 


acceleration head is then ha^ 


<oV. ATj 
- 2f/a • 


For no separation, therefore, a 


47r*rLiA 

18flr(34-16) 


■] 


(18; The piston of a double-acting pump is 5 indios in diameter and 
the stroke is 1 foot. The delivery pipe is 4 inches diameter and 400 feet 
long and it is fitted with an air vessel 6 feet from the pump cylinder. The 
water is pumped to a height of 150 feet. Assuming that the motion of the 
piston is simple harmonic, find the pressure per square inch on the piston 
at the beginning and middle of its stroke and the horse-power of the pump 
when it makes 80 strokes per minute. Neglect the effect of the variable 
quantity of water in the cylinder, Lond. Un. 1906. 
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(14) The pltULgor of a pump moYes wilih simple harmonio motion* 
Find the condition that separation shall not take place on the suction 
stroke and show why the speed of the pump may be increased if an air 
vessel is put in the suction pipe* Sketch an indicator diagram showing 
separation. Explain ** negative slip.’* Lend* Un. 1906. 

(15) In a single-acting force pump, the diameter of the plunger is 
4 inches, stroke 6 inches, length of suction pipe 63 feet, diameter of suction 
pipe 2| inches, suction head 0*07 ft* When going at 10 revolutions per 
minute, it is found that the average loss of head per stroke between the 
suction tank and plunger cylinder is 0*23 ft. Assuming that the frictional 
losses vary as the square of the speed, find the absolute head on the suction 
side of the plunger at the two ends and at the middle of the stroke, the 
revolutions being 50 per minute, and the barometric head 34 feet. Draw a 
diagram of pressures on the plunger — simple harmonio motion bemg 
assumed. Lond. Un. 1906. 


(16) A single-acting pump without an air vessel has a stroke of 
7} inches. The diameter of the plunger is 4 inches and of the suction 
pipe 8} inches. The length of the suction pipe is 12 feet, and the centre 
of the pump is 9 feet above the level in the sump. 

Determine the number of single strokes per second at which theoreti- 
cally separation will take place, and explain why separation will actually 
take place when the number of strokes is less than the calculatid value* 

(17) Explain carefully the use of an air vessel in the delivery pipe of a 
pump. The pump of question (16) makes 100 single strokes per minute, 
and delivers water to a height of 300 feet above the water in the well 
through a delivery pipe 1000 feet long and 2 inches diameter. Large air 
vessels being put on the suction and delivery pipes near to the pump. 

On the assumption that all losses of head other than by friction in 
the delivery pipe ore neglected, dotermiue the horse-power of the pump. 
There is no slip, 

(18) A pump plunger has an acceleration of 8 feet per second per 
second when at tlie end of the stroke, and the sectional nrea of the plunger 
is twice the sectional area of the delivery pipe. The delivery pipe is 152 
foct long. It runs from tho pump horizontally for a length of 45 feet, then 
vertically for 40 feet, then rises 6 feet, on a slope of 1 vertical to 3 hori- 
zontal, and finally runs in a horizontal direction. 

Find whether separation will take place, and if so at which section 
of Uie pipe, if it bo assumed that separation tokos place when the pressure 
head in tho pipe becomes 7 feet. 


(19) A pump of tho duplex kind. Fig. 325, in which the steam piston is 
connected directly to the pump piston, works against a hoad of h feet of 
water, the head being supplied by a column of water in the delivery pipe. 
Tho piston area is Aq, the plunger area A, the delivery pipe area a, tho 
length of the delivery pipe I and tho constant stoam pressure on the piston 
Pq lbs. per square foot. The hydraulic resistance may be represented by 


Fv^ 


29 


V being the velocity of the plunger and F a coeffleient. 
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Show that when the plunger has moved a distance from the beginning 
of the stroke 


Load. XJa. 1906. 


Let the piston be supposed in any position and let it have a velocity n. 
Then the velocity of the plunger is v and the velocity of the water in the 

pipe is • The kinetic energy of the water in the pipe at this velocity is 




ft. lbs. 


2p. a* 

If now the plunger moves through a distance dx^ the work done by the 
steam is P(^dx ft. lbs.; the work done in lifting water is in. ho Adflp; the 

work done by friction is ^dx ; and, thereforo, 


'~2gd 

Differentiating 


/■* Fi;*-* 

■ / PoAodx-wiiAdx- ^w,Adx. 
Jo 


wlA^ d /v^\ . , . 


PwAo* 


Let 

Then 




wZA« 


>Z and FioA<»/. 


or 


/E+Z^®=j)oAo-wfcA 

/„.(ZE poAo-whA 
Z^+TTr Z • 


The solution of this equation Is 


. PoAo-tofeA 

FwA ^ ^ lAh 


(20) A pump valve of brass has a specific gravity of 8^ with a lift of 
^ foot, the stroke of the piston being 4 foct, the head of water 40 feet and 
tiie ratio of the full valvo area to tlie piston area one-fifth. 

If the valve is neither assisted nor meets with any resistance to dosing, 
find the time it will take to closo and the “slip” duo to this gradual closing. 

Time to closo is given by formula, S = x 82*2. Loud. Un. 190C. 
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TIYDRAULIC MACHINES. 

267. Joints and packings used in hydraulic work. 

The high pressures used in hydraulic machinery make it 
necessary to use special precautions in making joints. 

Figs. 333 and SO-t show methoils of connecting two lengths of 
pipe. The arraugemont shown in Fig. 333 is used for small 
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wTouglit-iroR pipes, no packing being required. In Pig, 884 the 
packing material is a gutta-percha ring. Fig. 836 shows an 
ordinary socket joint for a cast-iron hydraulic main. To make 
the joint, a few cords of hemp or tarred rope are driven into 
the socket. Clay is then put round the outside of the socket and 
molten lead run in it. The lead is then jammed into the socket 
with a caulking tool. Fig, 335 shows various forms of packing 
leathers, the applications of which will bo seen in the examples 
given of hydraulio machines. 


ft n 

” ^Li,k leather 



JUug halhir 



Cup leather 
Fig. 336. 



Fig 336. 


Hemp twine, carefully plaited, and dipped in hot tallow, 
makes a good packing, when used in suitably designed glands 
(see Pig. 339) and is also very suitable for pump buckets, Pig. 323. 
Plaited Asbestos or cotton may be substituted for hemp, and 
metallic packings are also used as shown m Figs. 337 and 338. 


P c 



Fig. 337. Fig. 338. 


268, The axscmnulator. 

The accumulator is a device used in connection with hydi*aulio 
machinery for storing energy. 

In the form generally adopted in practice it consists of a long 
cylinder C, Fig, 339, in which slides a ram It and into which water 
is delivered from pumps. At the top of the ram is fixed a rigid 
cross head which carries, by moans of the bolts, a large cylinder 
which can be filled with slag or other heavy mati'rial, or it may 
be loaded with cast-iron weights as in Fig. 340, The water is 
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Fig. 889 Hjrdraulio Aooamalator. 
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admitted to the cylinder at any desired pressnres through a pipe 
ooxmected to the cylinder by the flange shorn dotted, and the 
weight is so adjusted that when the pressure per aq. inch in 
the cylinder is a given amount the ram rises. 

If d is the diameter of the ram in inches, p the pressure 
in lbs. per sq. inch, and h the height in feet tlvongh which the 
ram can be lifted, the weight of the ram and its load is 

W=p.Jd*lbs., 

and ihe energy that cau be stored in the accumulator is 
E = p , “ ri* . foot lbs. 

The principal object of the accumulator is to allow hydraulic 
machines, or lifts, which are being supplied ivith hydraulic power 
from the pumps, to work for a short time at a much greater rate 
than the pumps can supply energy. If the pumps are connected 
.directly to the machines the rate at which the pumps can supply 
energy must be equal to the rate at which the machines are 
working, together with the rate at which energy is being lost by 
friction, etc., and the pump must be of such a capacity as to sujiply 
energy at the greatest rate required by the machines, and the 
frictional resistances. If the pump supplies water to an accumu- 
lator, it can be kept working at a steady rate, and during the time 
when the demand is less than the pump supply, energy can be 
stored in the accumulator. 

In addition to acting as a storer of energy, the accumulator 
acts as a pressure regulator and as an automatic arrangement for 
starting and stopping the pumps. 

When the pumps are deliyoriiig into a long main, the demand 
upon which is varying, the sudden cutting off of the whole or 
a part of the demand may cause such a sudden rise in the pressure 
as to cause breakage of the pipe line, or damage to the pump. 
With an accumulator on the pipe line, unless the ram is 
descending and is suddenly brought to rest, the pressure cannot 
rise very much higher than the pressure p wliich will lift the ram. 

To start and stop the pump automatically, tho ram as it 
approaches the top of its stroke moves a levor connected to 
a chain which is led to a throttle valve on the steam pipe of the 
pumping engine, and thus shuts ofi steam. On the ram again 
falling below a certain level, it again moves the lever and opens 
the throttle valve. The engine is set in motion, pumping re- 
commences, and the aocumulator rises. 
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MtcampU, A hydraulic crane working at a pressure of 700 lbs. per sq. inch has 
to lift 30 owts. at a rate of 200 feet per minute through a height of 50 feet, once 
every miaates. The efficiency of the crane is 70 per cent, and an aocamulator 
is provided. 

Find the volume of the cylinder of the orane» the minimum horse-power for the 
pump, and the minimnm capacity of the accumulator. 

Let A be the sectional area of the ram of the crane cylinder in sq. feet and L 
the length of the stroke in feet. 

Then, p . 144 . A . L x 0‘70=s 30 x 112 x 50'. 


or 


AL-V- 112x60 
^■"'^"0-70x344x706 


SB 2*88 onhio feet. 

The rate of doing work in the lift cylinder is 

112 X 30 X 200 - , , 

— =960,000 ft. lbs. per minute^ 

and the work done in lifting 50 feet 240,000 ft. ILs. Since this has to be done 
once eve^ one and half minutes, the work the pump must supply in one and half 
minutes is at least 240,000 ft. lbs., and the minimum horse-power is 


HP = 




33,000x1*') 

The work done by the pump wliile the crane is lifting is 

240,000x0*25 ,, 

— 2—-- =40,000 ft lbs. 

i ‘O 


The energy stored in the accunnilator must be, therefore, at least 200,000 ft. lbs 
Therefore, if is its minimum capacity in cubic feet, 

YflX 700x144=200.000. 
or cubic feet neaily. 


269. Differential ax^cumnlator*. 

Tweddell^s differential accumulator, slio^vn in Fifj, 340, has a 
fixed ram, the lower part of which is made sligJitly larger than 
the uppi'r by forcing a brass liner upon it. A cylinder ioadi^ 
with heavy cast-iron weights slides upon the ram, water-tight 
joints being made by nieana of the cup leatlioi*s shown. Water 
is pumped into the cylinder through a pipe, and a passage drilled 
axially along the lower part of the ram. 

Let p be the pressure in lbs. per sq. inch, d and rfi the dia- 
meters of the upper and lower parts of the ram respectively. 
The weight lifted (neglecting friction) is then 

W = p.|(dr-cP)lbs., 
and if h is the lift in feet, the energy stored is 
E =p . ^ A. foot lbs. 

Tlie difference of the diameters di and d being small, the pree- 
sure p can be very great for a coraparativoly small weight W. 

The capacity of the accumulator is, however, very small. 
This is of advantage when being used in oomiection with 

* Proceediugt Inst. Mech. Engs,, 1674. 
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hydraulic riveters, as -when a demand is made upon the ac- 
cumulator, the ram falls quickly, hut is suddenly arrested when 
the ram of the riveter comes to rest, and there is a consequent 
increase in the pressure in the cylinder of the riveter which 
clinches the rivet. Mr Tweddoll estimates tliat when the ac- 
cumulator is allowed to fall suddenly through a distance of from 
18 to 24 inches, the pressure is increased by 60 per cent. 


270. Air accumulator. 

The air accumulator is simply a vessel partly filled with air and 
into which the pumps, which are supplying power to machinery, 
deliver water while the machinery is not at work. 

Such an air vessel has already been considered in connection 
with reciprocating pumps and an apjilication is shown in uounectioii 
with a forging press. Fig. 343. 

If V is the volume of air in the vessel when the pressure is 
p pounds per sq. inch and a volume v of water is pumped into 
the voasel, the volume of air is (V-r). 

Assuming the temperature remuius constant, the pressure pi in 
the vessel will now be 

p.V 

V-®* 

If V is the volume of air, and a volume of water v is taken out 
of the vessel, 

p.Y 

271. Intensifiers. 

It 1*8 frequently desirable that special iDacliines shall work at 
a higher pressure than is available from the liydi’auHc mains. To 
increase the pressure to the desired amount the intonsifier is used. 

One form is shown in Fig. 341. A largo hoiU/W ram works in 
a fixed cylinder 0, the ram being made water-tight by moans of a 
stuffing-box. Connected to the cylinder by strong bolts is a cross 
head which has a smaller hollow ram projecting from it, and 
entering the larger ram, in the upper part of which is made a 
stuffing-box. Water from the mains is admitted into the large 
cylinder and also into the hollow ram through the pipe and 
the lower valve respectively shown in Fig. 342. 

If p lbs. per sq. inch is the pressure in the main, then on 
the underside of the largo ram there is a total force acting 

of pounds, and the pressure inside the hollow ram rises to 

P ^ pounds per sq. inch, D and d being the external diameters 
of the large ram and the small ram respectively. 
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The fom of intensifior here dxown is used in connection with 
a large flanging ^ss. The oyl^nder of the press and the upper 
part of the intensifier are filled with water at 700 lbs. por sq. inch 
and the die brought to the work. Water at the same pressure is 
admitted below the largo ram of the intensifier and the pressure 
in the upper part of the intensifier, and thus in the press cylinder, 
rises to 2000 lbs. per sq. inch, at which pressure the flanging 
is finished. 



272. Steam intensiflers. 

The large cylinder of an intensifier may be supplied with 
steam, instead of water, as m Fig. 343, which shows a steam in- 
tensifier used in conjunction with a hydraulic forging press. These 
intensiflers have also been used on board ship* m connection with 
hydraulic steering gears. 

273. Hydraulic forging press, with steam intensifier and 
air accumulator. 

The application of hydraulic power to forging presses is illus- 
trated in Fig. 343, This press is worked in conjunction with a 
steam intensifier and air accumulator to allow of rapid working. 
The whole is controlled by a single lover K, and the press is 
capable of making 80 working strokes per minute. 

When the lever K is in the mid position everything is at rest; 
on moving the lever partly to the right, steam is admitted into the 
cylinders D of the press through a valve. On moving the lever to 
its extreme position, a finger moves the valve M and admits water 
* Proceedings lusU Meek, Engs., 1874 . 
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under a relay piston shown at the top of the figure, which opens 
a valve El at the top of the air vessel. In small presses the valve 
E is opened by levers. The ram B now ascends at the rate of 



about 1 foot per second, the water in the cylinder c being forced 
into the accumulator. On moving the lever K to the left, as soon 
as it has passed the central position the valve L is opened to 


rig 843 Davj's Hydianlio Forging Press with Steam Tntenaifier and Air Accnmulator. 
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exliausfc, and water from the air vessel, assisted by gravity, forces 
down the ram B, the velocity acquired being about 2 feet per 
second, until the press head A touches the work. The movement 
of the lever K being continued, a valve situated above the valve 
J is opened, and steam is admitted to the intensifler cylinder H ; 
the valve E closes automatically, and a large pressure is exerted 
on the work under the press head. 

If only a very short stroke is required, the bye-pass valve L is 
temporarily disconnected, so that steam is supplied continuously 
to the lifting cylinders D. Tho lever K is then simply used to 
admit and exhaust steam from the intciisifier H, and no water 
enters jor leaves the accumulator. An automatic controlling gear 
is also fitted, which opens the valve J sufficiently early to prevent 
iho inten&ifier from oveiiunmng its pioper stroke. 



I- .a 

Fig. 844 Fig. 34S. Fig. 84ft. 


274. Hydraulic cranes. 

Fig. 844 shows a sectioii through, and Fig. 345 an elevation 
of, a hydraulic crane cylinder. 
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One end of a wire^ope, or chain, is fixed to a lug L on the 
cylinder, and the rope is then passed altornatoly round the upper 
and lower pulleys, and finally over the pulley on the jib of the 
crane, Fig. 846. Li the crane shown there are three pulleys on 
the ram, and neglecting friction, the pressure on the ram is equally 
divided among the six ropes. The weight lifted is therefore one- 
sixth of the pressure on the ram, but the weight is lifted a distance 
equal to six times the movement of the ram. 

Let po and p be the pressures per sq. inch in the crane valve 
chest and in the cylinder respectively, d the diameter and A the 
area of the rarn in inch units, a the area of the valve port, and 
V and Vi the velocities in ft. per sec. of tho ram and the water 
through the port respectively. Then 

•ylQQ..3Aa 

.( 1 ). 


>‘-’’■134 29 29^-- 


The energy supplied to the crane p(T cubic foot displacement 
of the ram is 144po ft. lbs., and the work done on the ram is 
144p ft. lbs. For a given lift, tho number of cubic feet of water 
used is the same whatever the load lifted, and at Light loads the 
hydraulic efficiency p/po is consequently small. If there are n/2 
pulleys on the end of the ram, arranged as in Fig. 347, and e is 
the mechanical efficiency of tho ram packing and Si of the pulley 
system, the actual weight lifted is 

np(p 


W = 6ei 


4n 


.( 2 ). 


When the ram is in good condilion the ofiicieiicy of cup 
leather packings is from ‘C to *78, of plaited hemp or asbestos 
from *7 to *85, of cotton from "8 to ’90, and the efficiency of each 
pulley is from '95 to ’98. When the lift is direct acting n in (2) 
is replaced by unity. To determine the diamote of the ram to 
lift a given load, at a given velocity, with a given service pressure 
Po, the ratio of tho ram area to port area must be known so that p 
can be found from (1). If Wi is the load on the ram when tiie 
crane is running light, tho corresponding pressure pi in the 
cylinder can bo found from (2), and by substituting in (1), the 
corresponding velocity t ?9 of lifting can bo obtained, if tlie valve 
is to be fully open at all loads, the ratio of the ram area to the 
port area should be fixed so that tho velocity v# does not become 
excessive. The ratio of t?* to v is generally made from 1*6 to 8. 


275. Doable power cranes. 

To enable a crane designed for heavy work to lift light loads 
with reasonable efficiency, two lifting rams of different diameters 
are employed, the smaller of which can be used at light loads. 

34 


L. n. 
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A conTenient arrangement is as shown in Pigs. 848 and 849, 
the smaller ram R' working inside the large ram R. 

When light loads aro to be lifted, the large ram is prevented 
from moving by strong catches 0, and the volume of water used 
is only equal to the diameter of the small ram into the length of 
the stroke. For large loads, the catches are released and the 
two rams move together. 



Fig. 349. Doable-power Hydraulic Crane Cylinder. 
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Another arrangement is shown in Fig. 350, water being ad- 
mitted to both faces of the piston when light loads are to be 
lifted, and to the face A only when heavy loads arc to bo raised. 

For a given stroke s of the ram, the ratio of the energy supphed 
in the first case to that m the second is (D® - d®)/D*. 





Pig 8 '50. Armstrong Pouble power Ilydraubc Crano Cylinder, 


276. Hydraulic crane valves. 

Pigs. 361 and 352 show two forms of lifting and lowering 
valves used by Aimstiong, Whitworth and Co for hydraulic 
cranes. 


In the arrangement shown iii Fig. 351 there are two inde- 
pendent valves, the one on the lelt being tho pressure, and that 
on the right the exhaust valve. 



Pjff 361 Armstrong Wliitwoi til Fig 352 Armstrong Whitworth 

Hydraulic Crane Valve. Hydiaulic Crane Slide Valve 

34—2 


582 


HTDRimjCS 


In the arrangement shown in Fig. 352 a singlo D slide valye is 
used. Water enters the valve chest through the pressure passage 
P. The valve is shown in the neutral position. If the valve 
is lowered, the water enters the cylinder, but if it is 
water escapes from the cylinder through the port of the dide 
valve. 

277. Small hydraulic press. Fig. 353 is a soction through 
the cylinder of a small hydraulic press, used for testing springs. 

The cast-iron cylinder is fitted with a brass liner, and axially 
with the cylinder a rod Pr, having a piston P at the free end, 
is screwed into the liner. The steel ram is hollow, the inner 
cylinder being lined with a brass liner. 

Water is admitted and exhausted from the large cylinder 
through a Luthe valve, fixed to the top of the cylinder and 
operated by the lover A. Tlie small cylinder inside the ram is 
connected directly to the pressure pipo by a hole drilled along the 
rod Pr, so that the full pressure of the water is continuously 
exerted upon tlie small piston P and tbo annular ring PB. 

Leakage to the main cylinder is prevented by means of a 
gutta-percha ring G- and a ring leather c, and leakage past the 
steel ram and piston P by cup loatliors L and Li. 

When the valvo spindle is moved to the right, the port p is 
connected with the exhaust, and the ram is forced up by the 
pressure of the water on tlio annular ring RR. On moving the 
valve spindle over to the left, pressure water is admitted into the 
cylinder and the ram is forced down. Immediately the pressure 
is released, the ram comes back again. 

Let D be the diameter of the ram, d the diameter of the 
rod Pr, di the diameter of the piston P, and p the water pressure 
in pounds per sq. inch in the cylinder. 

The resultant force acting on tho ram is 

P=p^{l)^-d^- lbs., 

and the force lifting tho ram when pressure is released from the 
main cylinder is, 

F = pJ(dt*-d’)]h8. 

The cylindrical valve spindle S has a chamber C cast in it, 
and two rings of six holes in each ring are dialled through 
the external shell of the chamber. Those rings of holes are at 
such a distance apart that, when the spindle is moved to the 
right, one ring is opposite to the cxliausk and the other opposite 
to the port p, and when the spindle is moved to the left, the holes 
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are TCspeotiTely opposite to the port p and the pressure water 
spindle is prevented by the four ring leathers 



Fig. 353. Hydraulic Press with Lathe Valve. 


278. Kydraiillo riveter. 

A section through the cylinder and ram of a hydraulic riveter 
is shown in Fig. 854. 
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The modo of working is exactly the same as that of the small 
press described in section 277. 

An enlarged section of the valves is shown in Fig 355. On 
pulling the lever L to the right, the inlet valve V is opened, and 
pressure water is admitted to the large cylinder, forcing out 
the ram. When the lever is in mid position, both valves are 
closed by the springs S, and on moving the lever to the left, the 
exhaust valve Vi is opened, allowing tho water to escape from the 
cylinder. The pressure acting on the annular nng inside the 
large ram then brings back the ram. The motliods of preventmg 
leakage are clearly shown in tho figuies. 

279. Hydraulic engines. 

Hydraulic power is admiiably adapted for machines having a 
reciprocating motion only, especially m those cases whcio the load 
is practically consiant. 
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It has moreover been successfully applied to the driving of 
machines such as capstans and winches in which a reciprocating 
motion is converted into a rotary motion. 

The hydraulio-ongine shown in Figs. 856 and 857, has three 
cylinders in one casting, the axes of which meet on the axis of the 
crank shaft S. The motion of the piston P is transmitted to the 
crank pin by short connecting rods R. Wnter is admitted and 
exhausted through a valve V, and ports p. 



The face of the valvo is as shown in Fig 358, E being the 
exhaust port connected through the centre ot the valve to the 
exhaust pipe, and KM the pressure port, connected to the supply 
chamber H by a small port through the side of the valve. The 
valve seating is generally made of lignum-vitae, and has three 
circular ports as sliown dotted in Fig. 358 The valve receives its 
motion from a small auxiliary crank T, revolved by a projection 
from the crank pin Q-. When the piston 1 is at the end of its 
stroke, Fig. 359, the port pi should be just opening to the pressure 
port, and just closing to the exhaust port E. The port should 
be fully open to pressure and port pi fully open to exhaust. 
When the crank has turned through 60 degrees, piston 8 will 
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be at the inner end of its stroke^ and the edge M of the pressure 
port should be just closing to the port 2:^. At the same instant the 
edge N of the exhaust port should be coincident with the lower 
edge of the port ps. The angles QOM, and LON, therefore, 
should each be 60 degrees. A little lead may be given to the 
valve i)ortB, i.e. they may be made a little longer than shown in 
the Fig. 358, so as to ensure full pressure on the piston when 
commencing its stroke. There is no dead centre, as in whatever 
position the crank stops one or more of the pistons can exert a 
turning momeTit on the shaft, and the engine will, therefore, start 
in any position. 



The crank* effort, or turning moment diagram, is shown in 
Pig. 359, the turning moment for any crank potii'ion OK being 
OM. The turning moment can never be less than ON, which is 
the magnitude of the moment when any one of the pistons }s at 
the end of its stroke. 

This type of hydraulic engine has been largely used for the 
driving of hauling capstans, and other machinery which works 
intermittently. It has the disadvantage, already pointed out in 
connection with hydraulic lifts and cranes, that the amount of 
water supplied is independent of the effective work done by the 
machine, and at light loads it is consequently very inefBcient. 
There have been many attempts to overcome this difficulty, 
notably as in the Hastie engine t, and Rigg engine. 

* See text book on Steam Engine, 
t Proceedingt Inst. Meoh, Engs,^ 1874. 
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280. Bigg hydraulic engine. 

To adapt the quantity of water used to the work done, Rigg* 
has modified the three cylinder engine by fixing the crank pin, and 
allowing the cylinders to revolve about it as centre. 

The three pistons Pi, Pa and Ps are connected to a disc, 
Pig. 860, by three pins. This disc revolves about a fixed centre A, 
The three cylinders rotate about a centre G, which is capable of 
being moved nearer or further away from the point A as desired. 
The stroke of the pistons is twice AG, whether the crank or the 
cylinders revolve, and since the cylinders, for each stroke, have to 
be filled with high pressure water, the quantity of water supplied 
per revolution is clearly proportional to the length AG. 



Tlie alteration of the length of the stroke is effected by means 
of the subsidiary hydraulic engine, shown in Fig. 861. There are 
two cylinders C and Ci, in which slide a hollow double ended 
ram PPi which carries the pin G, Pig. 360. Cast in one piece with 
the ram is a valve box B. R is a fixed ram, and through it water 
enters the cylinder Oi, in which the pressure is continuously 
maintained. The difference between the effective areas of P and 
Pi when water is in the two cylinders, is clearly equal to the area 
of the ram head Ri. 


* See also Engineer, Vol. lxxzv, 1898. 
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From the cylindor Ci the water is led along the passages 
shown to the valve V. On opening this valvo high-pressure 
water is admitted to the cylinder 0, A second valve similar to 
V, but not showiii is used to regulate the exhaust from the 
cylinder 0. When this valvo is opened, the ram PPi moves to 
the loft and carries with it the pin G, Fig. 360. On the exhaust 
being closed and the valve V opened, the full pressure acts upon 
both ends of the ram, and since the effective area of P is greater 
than Pi it is moved to the right carrying the pin G. If both 
valves are closed, water cannot escape from tlie cylinder 0 and 
the ram is locked in position by the prossui’o on the two ends. 



EXAMPLES. 


(3) The rnm of a hydraulic crane is 7 inches diameter. Water is 
supplied to tlio crane at 700 lbs. per square inch. By suitable clearing the 
load is lifted 6 times as quickly as the ram. Assuming the total eflOiciency 
of the crane is 70 per cent., find the weight htted. 

(2) An accumulator has a stroke of 23 foot; the diameter of the ram is 
23 inches; the working pressure is 700 lbs. per squaie inch. Find the 
capacity of the accumulator in borse-powor hours. 

(8) The total weight on the cage of an ammunition hoist is 8250 lbs. 
The velocity ratio between the cage and the lam is six, and tlie extra load 
on the cage due to friction may be taken as 30 per cent, of the load on the 
cage. The steady speed of the ram is 0 inches per 'second and the available 
presBuro at the working valve is 700 lbs. per squaio mch. 

Estimate the loss of head at tho entrance to the ram cj Under, and 
assuming this was to be due to a sudden enlargement in passing through 
tho port to tho cylinder, estimate, on the usual assumption, tho area of tho 
port, tho ram cylmder being 9^ inches diameter. Loud. Un. 1906. 

^ 8250x1*3x6 

Tho effective pressure JJ— 
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W 2gf 

vasyelocity through the valve. 
J.d»x-6 

Area of port 


(4) Describe, with skeiclies, some form of hydraulic accumulator suit- 
able for use iu connection with riveting. Explain by the aid of diagrams, 
if possible, the general nature of the curve of pressure on the riveter ram 
during the stroke ; and point out the reasons of the variations. Loud. Un. 
1905. (See sections 262 and 260.) 

(5\ Describe with sketches a hydraulic intensiher. 

An intensider is required to increase the pressure of 700 lbs. per square 
inch on the mains to 8000 lbs. per square inch. The stroke of the intensi- 
fier is to be 4 feet and its capacity three gallons. Detei'xnino the diameters 
of the rams. Inst. C. E. 1905. 

(G) Sketdi in good proportion a section through a differential hydraulic 
accumulator. What load would be necessary to produce a pressure of 1 ton 
per square inch, if the diameters of the two rams are 4 inches and 4^ inches 
respectively ? Neglect the friction of the packing. Give an instance of the 
use of such a machine and state why accumulators are used. 

(7) A Twoddeirs differential accumulator is supplying water to riveting 
machines. The diameters of the two rams are 4 inches and 4^ inches 
respectively, and the pressure in tlio accumulator is 1 ton per square inch. 
Suppose when the valve is dosed the accumulator is falling at a velodty 
of 5 feet per second, and the time token to bring it to rest is 2 seconds, find 
the increase in pressure in the pipe, 

(8) A lift weighing 12 tons is worked by water pressure, the pressure 
in the main at the accumulator being 1200 lbs. per square inch; the length 
of the supply pipe which is 8^ inches in diameter is 900 yards. What is 
the approximate speed of ascent of this lift, on the assumption that the 
friction of the stuffing-box, guides, etc. is equal to 6 per cent, of the gross 
load lifted and the ram is 8 inches diameter ? 

(9) Explain what is meant by the ** coefficient of hydraulic resistance ** 
as applied to a whole system, and what assumption is usually made regard- 
ing it? A direct acting lift having a ram 10 inches diameter is supplied 
from an accumulator working under a pressure of 750 lbs. per square inch. 
When carrying no load the ram moves through a distance of 60 feet, at a 
uniform speed, in one minute, the valves being fully open. Estimate the 
coefficient of hydraulic resistance referred to the vdocity of the ram, and 
also how long it would take to move the same distance when the ram 
carries a load of 20 tons. Lond. Un. 1905. 




750x144 
62-4 • 


Assumption is made that resistance varies as 


•) 



CHAPTER XITI. 


RESISTANCE TO THE MOTION C>P BODIES IN WATER. 

281. Fronde’s* experiments to determine fictional re* 
sistances of thin boards when propelled in water. 

It has been shovm that the frictional resistance to the flow of 
water along pipe.s is proportional to tho velocity raised to some 
power «, which approximates to two, and Mr Fronde’s classical 
experiments, in connection with tlio resistance of ships, show that 
the resistance to motion of plane vertical boards when propelled 
in water, follows a similar law. 



The experiments wore carried out near Torquay in a parallel 
sided tank 278 feet long, 86 feet broad and 10 feet deep. A light 
railway on “which ran a stout framed truck, suspended from tho 
axles of two pairs of wheels,” traversed tho whole length of the 
tank, about 20 indies above the water level. Tho truck was pro- 
pelled by an endless wire rope wound on to a barrel, which could 
bo made to revolve at varying speeds, so that the truck oould 
traverse the length of the tank at any desired velocity between 
100 and 1000 feet per minute. 

* Brit. Ait. Be^orU, 1 >72-4. 
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Planes of wood, about inch thick, the surfaces of which were 
covered with various materials as set out in Table XXXIX, were 
made of a uniform depth of 19 inches, and when under experi- 
ment wore placed on edge in the water, the upper edge being 
about 1^ inches below the surface. The lengths were varied from 
2 to 50 feet. 

The apparatus as used by Froude is illustrated and described 
in the British Association Beporfs for 1872. 

A later adaptation of the apparatus as used at Haslar for 
determining the resistance of ships’ models is shown in Fig. 362. 
An arm L is connected to the model and to a frame beam, which 
is carried on a double knife edge at H. A spring S is attached to 
a knife edge on the beam and to a fixed knife edge N on the 
frame of the truck. A link J connects the upper end of the beam 
to a multiplying lever which moves a pen D over a recording 
cylinder. This cylinder is made to revolve by means of a worm 
and wheel, the worm being driven by an endless belt from the axle 
of the truck. The extension of the spring S and thus the move- 
ment of the pen D is proportional to the resistance of the model, 
and the rotation of the drum is proportional to the distance moved. 
A pen A actuatvid by clockwork registers time on the cylinder. 
The time taken by the truck to move through a given distance 
can thus be determined. 

To calibrate the spring S, weights W are hung from a knife 
edge, which is exactly at the same distance from H as the points 
of attachment of L and the spring S. 

From the results of those experiments, Mr Froude made the 
following deductions. 

(1) The frictional resistance varies very nearly with the 
square of the velocity. 

(2) The mean resistance per square foot of surface for lengths 
up to 50 feet diminishes as the length is increased, but is prac- 
tically constant for lengths greater than 50 feet. 

(3) The frictional resistance varies very considerably with 
the roughness of the surface. 

pjxpressed algebraically the frictional resistance to the motion 
of a plane surface of area A when moving with a velocity v feet 


per second is 
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TABLE XXXIX. 

Showing the result of Mr Fronde’s experiments on the frictional 
resistance to the motion of thin vertical boards towed through 
water in a direction parallel to its plane. 

Width of boards 19 inches, thickness inch. 

n = power or index of speed to which resistance is approxi- 
mately proportional. 

/o= the mean resistance in pounds per square foot of a surface, 
the length of which is tliat specified in the heading, when the 
velocity is 10 feet per second. 

/i = the resistance per square foot^ at a distance from the 
leading edge of the board, equal to that specified in the heading, 
at a velocity of 10 feet per second. 

As an example, the resistance of the tinfoil surface per square 
foot at 8 feet from the leading edge of the board, at 10 feet per 
second, is estimated at 0'2G3 pound per square foot; the mean 
resistance is 0*278 pound per square foot. 


Length of ])laueB 




2 feet 


8 foot 



20 feet 


50 feet 

Surface 
ooyered ^itb 


/. 


n 

/. 

ft 

n 

mm 

n 

/. 

ft 

Varnish 

20 

0-41 

0390 

1-85 1 

1 0-325 

0 261 

1-85 

1 

0-27«, 0-210 

183 

0 260 

0-226 

Tinfoil 

2-16 

0-30 

0-296 

1-99 

0-278 

0263 

1-90 

0-262 10-244 

1*83 

0-246 

0-232 

Calico 

1-93 

087 

0-725 

1-92 

0G20 

0-504 

1-89 

0-581 0-447 

1-87 

0-474 

0-423 

Fine sand 

2-0 

0-81 

0-690 

2-0 

0-583 

0*450 

12-0 

0-480,0*384 

2-06 

0-405 

0-337 

Modinm sand 

2*0 

0*90 

0-730 

2-0 

0-625 

0-488 

2-0 

0-534 0*405 

200 

0-488 

0*456 

Coarse sand 

20 

110 

0-8B0 

2-0 

0-714 

0-520 

|20 

I 

0*688 ''•490 

1 





The diminution of the resistance per unit area, with the longlh, 
is principally due to the relative velocity of the w^ator and the 
board not being constant throughout the whole length. 

As the board moves through the water the frictional 7*osistance 
of the first foot length, say, of the board, imparts momentum to 
the water in contact with it, and tlie water is given a velocity in 
the direction of motion of the board. The second foot length will 
therefore be rubbing against water having a velocity in its own 
direction, and the Motional resistance will bo less than for the 
first foot. The momentum imparted to the water up to a certain 
point, is accumulative, and the total resistance does not therefore 
increase proportionally with the length of the board. 
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282. Stream line theory of the resistance offered to the 
motion of bodies in water. 

Besistwruie qfahips. In considoring the rnotion of water along 
pipes and channels of uniform section^ tho water has been assumed 
to move in stream hnes/^ which have a relative motion to the 
sides of the pipe or channel and to each other, and the resistance 
to the motion of the water has been considered as due to the 
friction between the consecutive stream lines, and between the 
water and the surface of the channel, these frictional resistances 
above certain speeds being such as to cause rotational motions in 
the mass of the water. 


A C B 




Tig S64 


It has also boon shoivn that at any sudden onlai gemont of a 
stream, energy is lost due to eddy motions, and if bodies^ such 
as are shown in Figs. 110 and 111, be placed in the pipe, there is 
a pressure acting on the body in the direction of motion of the 
water. The origin of the resistance of ships is best realised by 
the “stieam line'^ tlieory, in which it is assumed that relative to 
the ship the water is moving in stream lines as shown in Pigs 
863, 3b 1, consecutive stream hues also having relative motion. 
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According to tbis theory the resistance is divided into three 
parts. 

(1) Frictional resistance due to the relative motions of con- 
secutive stream lines^ and of the stream lines and the surface 
of the ship. 

(2) Eddy motion resistances due to the dissipation of the 
energy of the stream lines^ all of which are not gradually brought 
to rest. 

(3) Wave making resistances duo to wave motions sot up at 
the surface of the water by the ship, the energy of the waves 
being dissipated in the surrounding wo ter. 

According to the late Mr Proude, the greater proportion of 
the resistance is due to friction, and especially is this so in long 
ships, with fine lines, that is the cross section varies very gradually 
from the bow towards midships, and again from the midships 
towards the stern. At speeds less than 8 knots, Mr Froude has 
shown that the frictional resistance of ships, the full speed of 
which is about 13 knots, is nearly 90 per cent, of the whole 
resistance, and at full speed it is not much less than CO pcT cent. 
He has further shown that it is practically the same as that 
resisting the motion of a thin rectangle, the length And area of 
the two sides of which are equal to the length and immersed 
area respectively of the ship, and the surface of which has the 
same degree of roughness as that of the ship. 

If A is the area of the immersed surface, f the coefficient of 
friction, which depends not only upon tho roughness but also 
upon the length, V the velocity of the ship in feet per second, the 
resistance due to friction is 

r^=/,A.V^ 

the value of the index n approximating to 2, 

The eddy resistance depends upon tho blnutiiess of the stern of 
the boat, and can be reduced to a minimum by diminishing the 
section of the ship gradually, as the stern is approached, and by 
avoiding a tliick stern and stern post. 

As an extreme case consider a ship of the section shown in 
Fig. 364, and suppose the stream lines to be as shown in tho 
figure. At the stern of the boat a sudden enlargement of the 
stream lines takes place, and the kinotic energy, which has been 
given to the stream lines by the ship, is dissipated. The case is 
analogous to that of the cylinder. Fig. Ill, p. 169. Due to the 
loss of energy, or head, there is a resultant pressure acting upon 
the ship in the direction of flow of the stream lines, and con* 
sequently opposing its motion. 


T.. 11, 


35 
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If the ship has fine lines towards the stern, as in Fig. 363, 
the velocities of the stream lines are diminished gradually and the 
loss of energy by eddy motions becomes very small. In actual 
ships it is probably not more than 8 per cent, of the whole 
resistance. 

The wave making resistance depends upon the length and the 
form of the ship, and especially upon the length of the ^'entrance” 
and ‘‘ run.^^ By the “ entrance ” is meant the front part of the 
ship, which gradually increases in section* until the middle body, 
which is of uniform section, is reached, and by the “run,” the 
hinder part of the ship, which diminishes in section &om the 
middle body to the stern post. 

Beyond a certain speed, called the critical speed, the rate of 
increase in wave making resistance is very much greater than 
the rate of inci'oase of speed. Mr Fronde found that for the 
S.S. ‘‘Merkara” the wave making resistance at 13 knots, the 
normal speed of the ship, was 17 per cent, of the whole, but at 19 
knots it was 60 per cent. The critical speed was about 18 knots. 

An approximate formula for the critical speed V in knots is 

v=VLriTu, 

L being the length of entrance, and Li the length of the run in 
feet. 

The mode of the formation by the ship of waves can be partly 
realised as follows. 

Suppose the sliip to be moving in smooth water, and the stream 
lines to be passing the ship as in Fig. 363, As the bow of the 
boat sUdkes the dead water in front there is an increase in 
pressure, and in the horizontal plane SS the pressure will be 
greater at the bow than at some distance in front of it, and 
consequently the water at Iho bow is elevated above the normal 
surface. 

Now lot AA, BB, and CC be three sections of the ship and the 
stream lines. 

Near the midship section CO the stream lines will be more 
closely packed together, and the velocity of flow will be greater, 
therefore, than at A A or BB. Assuming there is no loss of energy 
in a stream line between AA and BB and applying Bernouilli’s 
theorem to any stream line, 

w 2g w 2g w 2p ' 

* Soe Sir W. White’s Naval Architecture^ Traruaciioue of Na^ al Architects, 
1877 aud Iboi. 
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and since Vx and Vb are less than 

^ and ^ are greater than 
w w ° w 


The surface of the water at AA and BB is therefore higher 
than at CO and it takes the form shown in Fig. 3G3. 

Two sets of waves are thus formed, one by the advance of the 
bow and the other by the stream lines at the stern, and these 
wave motions are transmitted to the surrounding water, where 
their energy is dissipated. This energy, as well as that lost in 
eddy motions, must of necessity have been given to the water by 
the ship, and a corresponding amount of work has to be done by 
the ship’s propeller. The propelling force required to do work 
equal to tho loss of energy by eddy motions is the eddy resist- 
ance, and the force required to do work equal to the energy of 
the waves sot up by tho ship is tho wave resistance. 

To reduce the wave resistance to a minimum the ship should 
be made very long, and should have no parallel body, or the 
entire length of the ship should bo devoted to the entrance and 
run. On the other hand for the frictional i*(J8i8tance to be small, 
the area of immersion must be small, so that in any attempt 
to design a ship the resistance of which shall bo as small as 
possible, two conflicting conditions have to bo met, and, neglecting 
the eddy resistances, the problem resolves itself into making the 
sum of the frictional and wave rosiptancos a minimum. 

Total resistance. If R is tho total resistance in pounds, r/ the 
frictional resistance*, r* the eddy resistance, and r^, tho wave 
resistance, 

R = r/ + re + Tw. 


The frictional resistance V/ can easily be detem ’nod when the 
nature of tho suriace is known. For painted steel ships f is 
practically the same as for the varniw^hed boards, and at 10 feet 
per second the frictional resistance is therefore about i lb. p r 
square foot, and at 20 feet per second 1 lb. per square foot. The 
only satisfactory way to detennino r» and for any ship is to 
make experiments upon a model, from which, by tho [.rinciplo of 
similarity, the corresponding resistances of tho ship are deduced. 
The horse-power required to drive tho ship at a velc»city of V feet 
per second is 

^^' 550 - 


To determine the total resistance of the model the apparatus 
shown in Fig. 362 is used in the same way as in determining the 
frictional resistance of thin boards. 


35—2 
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283. Determination of the resistance of a ship from the 
resistance of a model of the ship. 

To obtain the resistance of the ship from the experimental 
resistance of the model tho principle of similarity^ as stated by 
Mr Froudo, is used. Let the linear dimensions of the ship be D 
times those of the model. 

Corresponding speeds. According to Mr Fronde’s theory, for 
any speed Vw of the model, the speed of the ship at which its 
resistance must be compared with that of tho model, or the 
corresponding speed Y« of the ship, is 

Corresponding resistances. If !{», is the resistance of tho model 
at the veh^city Vm, and it be assumed that the coeificients of 
friction for the ship and the model are tho same, the resistance It, 
of the ship at the corresponding speed V, is 

R# “ RjhD*. 

As an example, suppose a model one-sixtoonth of the size 
of the ship ; the corresponding speed of the ship will bo four times 
the speed of the model, and the resistance of the ship at corre- 
sponding speeds will be 16* or 4096 times the resistance of the 
model. 

Correction for the dijfereme of the coefficients of friction for the 
model and ship. The material of wliich the immersed surface of 
the model is made is not generally the same as that of the ship, 
and consequently R* must bo corrected to make allowance for the 
difference of roughness of the surfaces.^ In addition the ship is 
very much longer than the model, and the coefficient of friction, 
even if the surfaces were of the same degree of roughness, would 
thej-efore be less than for the model. 

Let Am bo the iiiimorsod surface of the model and A, of 
the ship. 

Let /m bo the coefficient of friction for the model and /, for the 
ship, the values being made to depend not only upon the roughness 
but also upon the length. If the resistance is assumed to vary as 
V*, the frictional resistance of the model at the velocity Vm is 

rm mAmV m*> 

and for the ship at the corresponding speed V, the frictional 
resistance is 

But 
uud 


r. = /.A,V,^ 
A. = AmD* 
V.’^-V^rD, 
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anfl, tlterofore, r,=/,A^»V«*D' 

Jm 

Then the resistance of the ship is 

Il.= (K»-r«)D» + r. 

-{r. *,.(/;-!)] I.'. 

Determination of the cv/rve of resistance of the ship from the 
cwtve of resistance of the model* From tho exporimenia on tlio 
model a curve having resistances as ordinates and velocities as 
abscissae is drawn as in Pig. 305. If now the coefficients of 
friction for tho ship and the modol are the same, this curve, by 
an alteration of the scales, becomes a curve of resistance for the 
ship. 

For example, in tho figure the dimensions of the ship are 
supposed to be sixteen times those of the model. The scale of 
velocities for the ship is shown on Cl), corresponding velocities 
being four times as great as tlie velocity of tlie model, and the 
scale of resistances for tho ship is shown at JGII, corrt*sponding 
resistances being 4096 tiiiioa the resistance of the modol. 



Fig. 865. 


Mr Froude^s method of correcting the cvrve for the difference of 
the coefficients of friction for the ship and the model. Prom the 
formula 
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the frictional resistance of the model for several values of V« 
is calculated, and the curve FF plotted on the same scale as used 
for the curve EE. The wave and eddy making resistance at any 
velocity is the ordinate between PF and EE. At velocities of 
200 feet per minute for the model and 800 feet per minute for 
the ship, for example, the wave and eddy making resistance is 6c, 
measured on the scale BG for the model and on the scale FH for 
the ship. 

The frictional resistance of the ship is now calculated from the 
formula r,=»/.AiV** and ordinates are set down from the curve 
PP, equal to r«, to tho scale for ship resistance. A third curve is 
thus obtained, and at any velocity the ordinate between this curve 
and EE is the resistance of the ship at that velocity. For example, 
when the ship has a velocity of 800 feet per iniimto the resistance 
is oc, measured on tho scale Ell. 


EXAMPLES. 

(1) Taking skin friction to bo 0*4 lb, per square foot at 10 feet per 
second, find the skni resistance of a ship of 12,000 square feet immersed 
surface at 15 knots (3 knot « 1*69 foot per socoud). Also find tho horse-power 
to drive the ship against tliis rcsistanco. 

(2) If the skin friction of a ship is 0*5 of a pound per square foot of 
immorsod snrfacc at a speed of 6 knots, wliat horse-power will probably 
be required to obtain a speed of 14 knots, if tho immorsod surface is 18,000 
square foot ? You may assume the maximum speed for which the ship is 
designed is 17 knots. 

(3) The resistance of a vessel is deduced from that of a model ;^th the 
linear size. The wotted sutface of the model is 29*4 square foot, the skin 
friction per square foot, in fresh water, at 10 feet per second is 0*3 lb., and 
the index of velocity is 1*94. Tho skin friction of the vessel in salt water 
is 60 lbs. per 100 square feet at 10 knots, and the index of velocity is 1*83. 
The total resistanco of the model in fresh water at 200 feet per minute is 
1*46 lbs. Estimate tho total resistanco of the vessol in salt water at tho 
speed corresponding to 200 feet per minute in the modol. Lond. Un. 1906. 

(4) How from model experiments may the resistance of a ship be 
inferred? Point out what corrections have to be made. At a speed of 
300 feet per minute in fresh water, a modol 10 feet in length with a wet 
skin of 24 square feet has a total resistance of 2*39 lbs., 2 lbs. being due to 
skin resistance, and *89 lb. to wave-making. What will be the total resist- 
ance at the corresponding speed in salt water of a ship 25 times the linear 
dimensions of the model, having givon that the surface friction per square 
foot of the ship at that speed is 1*3 lbs. ? Lond. Un. 190& 
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STREAM LINE MOTION. 

284. Hele Shaw’s experiments on the flow of thin 
sheets of water. 

Professor Hele Shaw* has very beautifully showu, on a small 
scale^ the form of the stream lines in moving masses of water 
under varying circumstances, and lias exhibited the change from 
stream line to sinuous, or rotational flow, by experiments on the 
flow of water at varying velocities between two parallel glass 
plates. In some of the experiments obstacles of various forms 
were placed between the plates, past whicli the water had to flow, 
and in otliers, channels of various sections wore formed through 
which the water was made to flow. The condition of the wafer 
as it flowed between the plates was made visible by mixing with 
it a certain quantity of air, or ehx^ by allowing thin streams of 
coloured water to flow between the plates along with the other 
water. When the velocity of flow was kept sutKeiently low, 
wliatever the form of the obstacle in the path of the water, or 
the form of the channel along wliich it flowed, the water persisted 
in stream line flow. Wlicii the channel botwee . the plates was 
made to enlarge suddenly, as in Fig. 58, or to pass through an 
orifice, as in Fig. 59, and as long as the flow was in stream lines, 
no eddy motions were produced and there were no indicate jus 
of loss of head. When the velocity -was sufficiently high for the 
flow to become sinuous, the oddy motions were very marked. 
Wlien the motion w’^as sinuous and the water was Mjade to flow 
past obstacles similar to those indicated in Figs. IJO and 111, the 
water immediately in contact with the down-stream face was 
shown to be at rest. Similarly the wafer in contact with the 
annular ring surroundiTig a sadden enlargement appeared to be 
at rest and the assumption made in section 61 was thus justified. 

* Proceedings of Naval Architects , 1897 and 1898. Engineer, Aug. 1897 and 
May 189a 



m 


HYDRAULICS 


When tlie flow was along channels and sinuonSi the sinaonsly 
moving water appeared to be separated from the sides of the 
channel by a thin film of water, which Professor Hele Shaw 
suggested was moving in stream lines, the velocity of which in 
the film diminish as the surface of the channel is approached* 
The experiments also indicated that a similar film surrounded 
obstacles of ship-like and other forms placed in flowing water, 
and it was inferred by Professor Hele Shaw that, surrounding 
a ship as it moves through still water, there is a thin film moving 
in stream lines relatively to the ship, the shearing forces between 
which and the surrounding water set up eddy motions which 
account for the skin friction of the ship. 


265. Curved stream line motion. 

Lot a mass of fluid be moving in curved stream lines, and let 
AB, Fig. 366, be any one of the stream lines. 

At any point c let the radius of curvature of the stream line 
be r and let O be the centre of curvature. 

Consider the equilibrium of an element aide surrounding the 
point c. 

Let W be the weight of this element. 

p bo the pressure per unit area on the face hd. 
p + be the pressure per unit area on the face ae. 

G be the inclination of the tangent to the stream lino at c 
to the horizontal. 

a bo the area of each of the faces hd and ae, 

V bo the velocity of the stream lino at c. 
dr be the thickness ah of the stream line. 

If then the stream line is in a vortical plane the forces acting 
on the element are 

(1) W due to gravity, 

• "V^ . • 

(2) the centrifugal force acting along the radius away 

gr 

from the centre, and 

(3) the pressure oeSp acting along the radius towards the 
centre of curvature O. 

Resolving along the radius through c. 


or since W = wadr, 

^ = ^^-wcosO ....( 1 ). 

dr gr ^ ' 

If the stream line is horizontal, as in the case of water flowing 
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round the bend of a riTOr, Oc is horizontal and the component of 
W along Oc is zero. 

7 ®. 

Integrating between the limits R and Ri the difference of 
pressure on any horizontal plane at the radii R and Ri is 



which can be integrated when v can be written as a function of r. 

Now for any horizontal stream line, applying Bernoulli’s 
equation, 

- + ^ is constant, 

%o 2g * 

»r 

« 2g 

T\'« i.* u ldp,vch dH ... 

DifEerentiatmg 



Fig. 366. Fig. 307. 


Free vortex. An important case arises when H is constant for 
all the stream lines, as when water flows round a river bend, oi as 
in Thomson's vortex chamber. 


Then 


1 

w dr ^ gdr 


Substituting the value of ^ from (o) in (2) 


( 5 ). 


— WV 

g dr“^g’r^ 

from which rdv + vdr = 0, 

and therefore by integration 

vr = constant = 0 
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Equation (3) now becomes 

%>i—p ^ 0* /*• dr 
w * flf /a r* 

= cYi__n 

2g\R* R,V* 

Forced vortex. If, as in the turbine wliecl and centrifugal 
pump, the angular velocities of all the stream lines are the same, 
then in equation (3) 


and 



^9 


W-W). 


8co'*4/nng of the lanhs of a river at the le'tids. When water 
runs round a bend in a river the stream linos are practically 
concentric circles, and since at a little distance from the bend the 
surface of the water is horizontal, the head H on an> horizontal 
in the bend must be constant, and the stream lines form a free 
vortex. The velocity of the outer stream lines is therefore loss 
than the inner, while the pressure head increases as the outer 
bank is approached, and the water is consequonily heaped up 
towards the outer bank. The velocity being greater at the inner 
bank it might be expected that it will be scoured to a greater 
extent than tho outer. Experience shows ihat the opposite efPect 
takes place. Near the bed of the river tho stream lines have a 
less velocity (see page 209) than in the mass of tho fluid, and, as 
James Thomson has pointed out, tlie rate of increase of pressure 
near the bed of tho stream, due to the centrifugal iorces, will be 
less than near the surface. The pressure head near the bed of 
the stream, due to the centrifugal forces, is thus less than near the 
surface, and this pressure head is consequently unable to balance 
the pressure head due to the heaping of the surface water, and 
cross-currents are sot up, as indicated in Fig. 367, which cause 
scouring of the outer bank and deposition at the inner bank. 
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1. Coefficients of discharge : 

(a) for circular sharp-edged orifices, 

ExperimentB by Messrs Judd and King at the Ohio University 
on the flow through sharp-edged orifices from | inch to 2^ inches 
diameter showed that the coeflicient was constant for all heads 
between 5 and 92 feet, the values the coefficients being as 
follows. {Engineering NewSy 27th September, 1906.) 


Diameter of 
orjfice in 
inches 

Coefficients 


0*5956 

2 

0*0083 


00085 

1 

0*6097 


0*6111 


Tlie results in the following table have boon determined by 
Bilton {Victorian Institute of Engineers^ Library Inst, C, E, 
Tract, 8vo. Vol. 629). Bilton claims that above a certain “critical” 
head the coefficient remains constant, but below this head it 
increases. 

Coefficients of discharge tor standard circular orifices. 


Head in 

Diameter of orifices in inches 








inches 

and 

2 

li 

1 

i 

i 

i 


over 







45 andj^ 

0*598 

0*599 

0*603 

0*608 

0*613 

0*621 

0*628 

over j 








22 ^ 






0*621 

0*688 

18 





0*618 

0*623 

0-648 

17 

0*698 


0*603 

0*608 

0*614 

0-C25 

0*645 

12 

0*600 


0*606 

0*612 

0*618 

0*630 

0*658 

9 

0*604 


0*612 

0*619 

0*623 

0*037 

0*660 

6 

0*610 


0*618 

0*626 i 

0*632 

0*648 

0*669 

8 


Bhhh 


0*640 1 

0*646 

0*667 

0*680 

2 


IHHH 




0*663 

0*683 
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(b) for triangular noteliea. 

Becent experiments by Barr {Engineering^ April 1910) on the 
flow through triangular notches having an angle of 90 degrees 
showed that the coefiioient C (page 85) varies, but the mean value 
is very near to that given by Thomson* 

The ooefiicients as determined by Barr are given in the 
following table: 


Head 

2" 

2i" 

8'' 

3i" 

4" 

7" 

10" 

Coefficient 0 

2*586 I 

2*564 

2-651 

2-541 

2*533 

2-506 

2-49 


2. The critical velocity in pipes. Effect of temperature. 

A simple apparatus, Fig. 868, which can be made in any 
laboratory and a description of which it is hoped may be of value 
to teachers, has been used by the author for experiments on the 
flow of water in pipes. 

Three carefully selected pieces of brass tubing 0'5 cms. 
diameter, each about 6 feet long, were taken, and the diameters 
measured by filling with water at 60* F. The three tubes were 
connected at A A by being sweated into brass blocks, holes 
through which were drilled of the same diameter as the outsides 
of the tubes. Between the two ends of the tubes, while being 
soldered in the blocks, was inserted a piece of thin hard steel 
about Y^Tyth of an inch in thickness. The tubes wore thus fixed 
in line, while at the same time a connection is made to the gauge G* 
from each end of the tube AA. 

To the ends of each of the end tubes were fixed other blocks B 
into which were inserted tubes T. Inside each of these tubes was 
placed a thermometer. Flow could take place through the 
tubes T into vessels V and Vi. During any experiment a con- 
stant head was maintained by allowing the water to flow into the 
tank S at such a rate by the pipe P that there was also a slight 
overflow down the pipe F. 

Between the tank and the pipe was a coil which was surrounded 
by a tank in which was a mass of water kept heated by bunsen 
burners, or by the admission of steam. 

Flow from the tank could be adjusted by the cock C or by the 
pinch taps (1) to (4). 

The pinch tap (4) was found very useful in that by opening 
and closing, the quantity of water flowing through the coil could 
be kept constant while the flow through the pipe was changed. 


















Diagram of apparatas for determining oritioal Telocity in a pipe at varying temperatniea. 
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The loss of head was measured at the air gauge G in oms. of 
water. 

The results obtained at various temperatures are shown plotted 
in Fig, 369. 



Fig. 869, 

At any temperature, for velocities below the critical velocity, 
the columns of water in the gauge were very steady, oscillations 
scarcely being perceivable with the cathetometer telescope. At 
the critical velocity the columns in the gauge become very unsteady 
and oscillate through a distance of two or three centimetres. 
When the upper critical velocity is passed the columns again 
become steady. 
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8. Losses of head In pipe benda 

The experimental data, as remarked in the text, on losses of 
head in pipe bends are not very complete. The following table 
gives results obtained by Schoder* from experiments on a series 
of 6 inches diameter bends of different radii. The experiments 
were carried out by connecting the bends in turn to two lengths 
of straight pipe 6 inches diameter, the head lost at various 
velocities in one of the lengths having been previously carefully 
determinod. The bend being in position the loss of head in the 
bend and in the straight piece was then found and the loss caused 
by the bend obtained by difference. 

In the table the length of straight pipe is given in which the 
loss of head would be the same as in the bend. 

Losses of head caused by 90 degree bends expressed in terms of 
the length of straight pipe of the same diameter in which a loss 
of head would occur equal to the loss caused by the bend. 

Diameter of all bends 6" (very nearly). 


No. of 
curve 

Material 

Badius 
in feet 

Badius 
in pipe 
diametcrB 

Length 
of centre 
line in 
feet 

Equivalent length d of pipe 
on centre Imcs 

Velocity in feet per second 

8 

5 

10 

16 


Wrought iron 



16-77 

8-4 

m 

4-4 

8*2 



HrSSI 


12-84 

8-2 

ns 

0-2 



ff 



9-01 

50 

8*5 

2-1 

1-4 


19 


8 

7-34 

0-8 

5-2 

8*9 

3-0 


ft 

8*00 

C 

6-89 

6-8 

5-1 

8-9 

8-2 


„ 

2-50 

5 

5-08 

8-0 

2-5 

2-1 




2-00 

4 

8-64 

5-6 

4 d 

8-6 




1-50 

8 

2-86 

4-8 

41 

3*5 




1-08 


2-54 

5-2 

4*4 

3-9 

■fffl 



0'95 


1-75 

6-0 

6-1 

4*6 

8 -. 



0*88 


8-02 

6-8 

6*8 

6-6 




0*67 

1-34 

1-05 

9-8 

8*6 

m 

7*0 


Fig. 870 shows the loss of head due to 90 degree bends in pipes 
8 inches and 4 inches diameter as obtained by Dr Brightmoret. 
The forms of the curves are very similar to the curves obtained 
by Schoder for the 6 inch bends quoted above. Brightmore found 
that the loss of head caused by square elbows in 3 inches and 


* Proe, Am, S,C,E, Vol. xxxiv. p. 410. 
t Ptoc, Inat. C.E. Vol. clxix. p. 323. 
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4 inclieB diameter pipes was the same and was equal to ^ 
V being the Telocity of the water in the pipe in feet per second 


Inebsi* 



a 4 6 8 10 13 u 

RadiOB of Bend m DiametoTB. 

Fig. 370. Loss of head due to bends in pipes 3'^ and 4" in diameter. 


Davies* gives the loss of head in a diameter elbow as 
0'0113y“ and in a 2g" diameter elbow with short turn as 0’0202t;^ 


4. The Pitot tube. 

There lias been considerable controversy as to the correct 
theory of the Pitot tube, some authorities contending that the 
impact head h produced by the velocity of tho moving stream 
impinging on the tubo with the plane of its opening facing up 

Tfv^ 

stream should bo expressed as ^ = , and others contending that 

. ^ 

it should be expressed as h = hi , — • 

If the momentum of tlie water per second which would flow 
through an area equal to the area of the impact orifioe is destroyed 

the pressure on the area is equal to " - , and the height of tho 


column of water maintained by this pressure would be A == 


* Ftoc, Am. SnC.E,, Sep. 190ti, Vol. zzxxv. p. 1037. 
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The assumption made in the text, which agrees with experiment, 

shows that the height is equal to ^ , and it has therefore been 

contended that the destroyed momentum of the mass should not be 
considered as producing the head, but rather the “ velocity head ” 
Those who maintain this position do not recognise the simple fact 
that when it is stated that the kinetic energy of the stream is 
destroyed, it is exactly the same thing as saying that the momentum 
of the stream is destroyed, and that the reason why the head is not 
• 

equal to - is that the momentum of a mass of water equal to the 


mass which passes through an area equal to the area of the impact 
suriace is not destroyed. 

Experiments by White*, the author and others show that when 
a jet of water issuing from an orifice is made io impinge on a plate 
having its plane perpendicular to the axis of the jet, the pressure 
on the plate is distributed over an area mu(5h greater than the area 
of the original jet, and the maximum intensity of pressure occurs 
at a point on the plate coinciding with the axis of the jet ; and is 
equal to one-half the intensity of pressure that would obtain if the 
whole pressure was distributed over an area equal to the area of 
the jot. In this case tlie whole inorneutum is destroyed on an area 
much greater than the area of tho jet. The total pre^ssuro on the 
plate however divided by the area of the jet is equal to 


9 ^ 


6. The Hydraulic Bom. 

In tho text no theory is attempted of the working of this 
interesting apparatus, only a very iiiiporfect and elementary 
description of tho mode of working being attempted. Those 
interested are rol(*rred to an able and voluiriiiioiis paper by T^eroy 
Francis Earza {Bulletin of the University of H7i>'co/im0 in whi ‘h 
the Hydraulic Uam is dealt with very fully from both an experi- 
mental and theoretical point of view. 


6. Circular Weirs. 

If a vertical pipe, Fig. 371, with the horizontal end AB 
carefully faced is placed in a tank and water, having its surface 
a reasonable distance above AB, flows down the pipe as indicated 
in the figure, Gourleyt has shown that tho flow in cubic feel per 

* Joum. of the Assoc, of Enif, Soc, August 1901. 
t Eroc, Inst. C,E. Vol. olxxxiv. 


L. H. 


36 
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second can be expressed in terms of the head H and the circum- 
ferential length of the weir by the formula 

Q = KLH», 

in which n is 1*42, H and L are in feet, and E for different diameters 
has the valnes shown in the table; 


Circular Weirs. Values of E in formula Q - ELH". 


Diameter of Pipe, luclieH 

0 91 


18'70 

19*40 28*90 

E 

2 98 

2*94 

2-97 

2*99 

S<03 



Fig. S71. 


For reliable results H should not bo greater than |th of the 
diameter of the pipe, and as long as H is large enough for the 
water to loap clear of the inside of the pipe the tTiinTmoog of 
the pipe is immaterial. The air must be freely admitted below 
the nappe. The flow is affected by the size of the chamber, but 
not to any very considerable extent, as long as the chamber 
is large. 











APPENDIX 


563 


For reliable restilts H should not bo greater than ith of the 
diameter of the pipe, and as long as H is largo enough for the 
water to leap clear of the inside of the pipe the thickness of 
the pipe is immaterial. The air must be freely admitted below 
the nappe. The flow is affected by the size of the cliambor, but 
not to any very considerable extent, as long as the chamber 
is large. 


7. Theory of dimensions applied to the flow of fluids. 

The theory of viscous flow as developed by Sir G. Stokes 
accounts satisfactorily for what is observed when flow of fluids 
takes place in capillary tubes. When the flow is in tubes of larger 
diameters and the velocity is not small, the theory of dynamical 
similarity, as applied by Reynolds, and the method of dimensions, 
as shown by Lord Rayleigh*, determine tho conditions of flow. 

Let it be assumed that a fluid of density p is moving along 
a tube and that the drop of pressure in a length Z is p expressed 
in suitable units. Then the dimensions of the loss of pressure per 
unit area is equal to a force divided by an area. Whatever the 
law connecting the loss of pressure with other quantities may be, 
the dimensions of the pressure must be also those of a force 
divided by an area. The dimensions of a force divided by an 
M 

area are where M is a mass, L is a length, and T time. 

If then the drop of pressure or loss of head depends upon : 

(1) the density of the fluid p, 

the viscosity of the fluid 77 or a coefficient of dynamical 


( 2 ) 

viscosity 

( 8 ) 

(4) 

(5) 


v = -. 


the velocity », 

the lateral dimensions of the pipe d, and 
the length L, 

pocdWv'L (1), 

and, therefore, the dimensions of the expression (1) are . 

Tlio t viscosity is a stress per unit area multiplied by a length 
and divided by a velocity. 


* Iiotd BaylcMgh’s Seientifie Pe^rt, Vol. m. p. 576. 
t See books on Physioa, 


36—2 
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Therefore, the dimensions of 

M 

^ = T7D- 

. . Mabs M 

'* = V&e = ]5 

and 

Therefore, from (1) 

®- 

That is 

y + z-l (3), 

a-y-3z + n+l-~l (4) 

and —y — n —2 (5). 

From (3), (4) and (5) 

y = 2-n, 
z- n — 1, 
as -n - 3. 

Tlierefore, 

pocd"-V"V"‘’’’"L 

or since ^ is the head lost in the pipe 
P 

hoc 

or ;iocrf»-*(’y'VL; 

is the coefficient v which has the dimensions . 

Theroforo, 

hoc 

_ h . h y~”v* 

Then 

lcv^_ 

1c being a conRtanl when v is supposed constant. 

As sliown on page 134 this result agrees with experiments for 
smooth pipes. 
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8. General formula for friction in smooth pipes. 

Careful investigations of the flow of air, oil and water through 
smooth pipes of diameters var 3 ring from 0’361 crns. to 12*62 cms. 
have been carried out at the National Physical Laboratory during 
recent years*. 

The loss of energy at varying temperatures and for velocities 
varying from 5 cms. to 5000 cms. per second have boon detenniiied 
in the case of water, and the distribution of velocity in pipes of 
moving air and water have also been carefully determined. These 
latter experiments have shown that if v is the mean velocity of the 
fluid in the pipe, d the diameter of the pipe and v the dynamical 
viscosity of the fluid, the velocity curves are similar for different 
fluids as long as vdjv is constant. If now R is the resistance of the 
pipe per unit area and p the density of the fluid flowing through 
the pipe, the Principle of Dynamical Similarity deiuands that when 
for various fluids and conditions of flow vd/v is constant thenforthese 
cases R/pv^ must also be constant. By plotting points therefore 
having R/pv^ as ordinates and vd/v as abscissae all cases of motion 
in smooth pipes should be represented by a smooth curv^*, and by 
plotting the logarithms of these quantities a straight lino should 
be obtained. The plottings of the logs of these quantities obtained 
from the experiments at the National Physical Laboratory and 
those obtained by other experiments show however that tlio points 
do not lie about a straight line, but Professor Leost has shown 
that if points be plotted having 

log ^^3 - 0*0009^ as ordinates, 


and log vdjv as abscissae the points do lie on the straight line 
log - O-OOOq) + 0-35 log ~ -- log 0 07(16, 


or 


R 

po® 


= 0-0009 + 


0-0705 


which satisfies the Principle of Dynamical Similarity. 

^ ^ • 0-017756 

The value ol ypiov water m dynes is i + ^(iSaOSfTO'OO^f* 

which at 15 dog. Cent, is 0-0114 and the density is nearly unity. 


Stanton, Froe. Jt.S. Vol. lxxzt. p. 866; Stanton and Panne)!, FInl. Tram, 
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Then the resistance B in dynes per sq. cm. is 

If p and Pi are tlie pressures in dynes per sq, cm. at two 
sections I cm. apart^ 

Bir(iZ = (p-Jh)^, 


and 


, /'O-oese®'* . o-oo36i^j 


If p and Pi are in pounds per sq. foot and d and I in feet, 
, /0-01128b' • ^ 0-006981i;*\ 

p-pi = l[—^i-ii + 


V 


‘ d 

If tho difference of pressure is measured in foot of water h, 
thon 

, , /0-00018e»« ^ 0-000112e*\ 

n-i[ * d J‘ 

For air at a temperature of 15* G. and at a pressure of 760 mm. 
of mercury, the difference of pressure p in pounds per sq. foot at 
sections a distance 2 feet apart is 


(p-pi) = l{^ 


/0-0000332®"® 0-0000085tj' 




O- 


If the pressure difference is measured in inches of water h, 
then 


A = 2 


/0-00000637®'* 0*00000163«*\ 
\ d^* * d )' 


9. The moving diaphragm method of measuring the 
flow of water in open channels. 

The dow of water along large regular-shaped channels can be 
measured expeditiously and with a considerable degree of accuracy 
by moans of a diaphragm fixed to a travelling carriage as in 
Fig. 872. The apparatus is expensive, but in cases where it is 
difficult to keep the flow in the channel steady for any considerable 
length of time, as for example in the case of large turbines under 
test, and there is not sufficient head available to allow of using a 
weir, tlie rapidity with which readings can be taken is a great 
advantage. The method has been used with considerable success 
at hydro-electric power stations in Switzerland, Norway, and 
the Berlin Technische Hochschule. A carefully formed channel is 
required so that a diaphragm can be used with only small clearance 
between the sides and bottom of the channel; the channel should 




Fig. 372. 
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be as long as convenient^ but not less than 80 feet in length, as 
the carriage has to travel a distance of about 10 feet before it 
takes up the velocity of the water in the channel. The carriage 
shown in the figure weighs only 88 lbs. and is made of thin steel 
tubing so as to get minimum weight with maximum rigidity. The 
diaphragm is of oiled canvas attached to a frame of light angles. 
The frame is suspended by the two small cables shown coiled 
round the horizontal shaft which can be rotated by the hand 
wheels N; the guides K slide along the tubes S; two rubber 
buffers P limit the descent and the hand brake JR prevents the 
frame falling rapidly. The clutch h holds it rigidly in the vortical 
position ; when h is released the diaphragm swings into the position 
shown in the figure. 

To make a gauging the car is brought to the upstream end of 
the channel with the diaphragm raised and locked in the vertical 
position. At a given signal the diaphragm is dropped slowly, 
being controlled by the brake, until it rests on the buffers which 
are adjusted so that there is only a small clearance between the 
diaphragm and the bottom of the channel, l^lie car begins to 
move when the diaphragm is partly immersed but after it has 
moved a distance of about 10 feet the motion is uniform. The 
time taken for the car to travel a distance of, say, 20 feet is now 
accurately determined by electric* or other means. The mean 
velocity of the stream is taken as being equal to the moan velocity 
of the car. The Swiss Bureau of ilydrography has carried out 
careful experiments at Ackersand and has checked the results 
given by the diaphragm with those obtained from a weir and by 
cliemical* means. The gaugings agree within one per cent. 

10, 1. The Centrifugal Pump. 

The effect of varying the form of the chamber surrounding 
the wheel of a centrifugal pump has been discussed in the text 
and it is there stated, page 429, that the form of the casing is 
more important than the form of the wheel in determining the 
officionoy of the pump. Eecont experiments, Bulletin Nos. 173 
and 318, University of Wisconsin, carried out to determine the 
effect of the form of the wheel show that, as is to be expected, the 
form of the vano of tho wheel has some effect, but as in these 
experiments the form of the casing was not suitable for converting 
the velocity head of the water leaving the wheel into pressure 
head, the highest efficiency recorded was only 39 per cent., while 

* Sonderahdruck aus der Zf^Unchrift des Vereines deutneher Ingenieurp^ Jahrgang 
1S)0B, and Bulletin of the University of Wiecomin^ No. 672, Soe p. 2.>8, 
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the highest eflSoienoy for the worst form of wheel was less than 
81 per cent. Anything like a complete consideration of the effect 
of the whirlpool or free vortex chamber or of the spiral casing 
surrounding the wheel has not been attempted in the text, but 
experiment clearly shows that by their use the efficiency of the 
centrifugal pump is increased. 

In Figs. 878 and 874 are shown pari iculars of a pump with a free 
vortex chamber 0 and a spiral chamber B surrounding the wheel. 
The characteristic equation for this pump is given later. Tests 
carried out at the Des Arts et Metier, Paris, gave an overall 
efficiency of 63 per cent, when discharging 104 litres per second 
against a head of 60 metres. The vanes are radial at exit. lire 
normal number of revolutions per minute is 1500. The peripheral 
velocity of the wheel is 31*4 metros per second and the theoretical 
lift is thus 

= 100 metres, nearly, 

or the manometric efficiency is 50 per cent. 
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Fig. $74. Sohabaner Centrifugal Pump Wheel with 8 blades, hi, grbcTes 

to prevent leakage. 


2. Characteristic equations for Centrifugal Pomps. In- 
Btabillty. 

The characteristic equations for centrifugal pumps have been 
discussed in the text, and for the cases there considered they have 
been shown to be of the form 

, _ mv^ CvAj Cit6* 

^ 2g 2g 2g * 

or since v is proportional to the number of revolutions per minute 
and u to the quantity of water delivered, the equations can be 
written in the form 

fe«AN» + BNQ + CQ*. 

An examination of the results of a number of published experi- 
ments shows that for many pumps, by giving proper values to the 
constants, such equations express the relationship between the 
variables fairly accurately for all discharges, but for high efficiency 
pumps, with a casing carefully designed to convert at a given 
discharge a largo proportion of the velocity head into pressure 
head, a condition of instability arises and the head-discharge 
curves are not continuous. This will be better understood on 
reference to Pigs. 375-37(5, which have been plotted from the 
results of the experiments on a Schwade pump *, the construction 
of which is shown in Fig. 377. 

* ZeiUchrift filr das Gesamte Turbinenwesefit 1908. 




Fig. 376 
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Fig. 877, 
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A "forced vortex” chambor with fixed guide vanoa surrounds 
the wheel and surrounding this a spiral chamber. The diameter 
of the rotor is 420 mm. The water enters the wheel from both 
sides, so that the wheel is balanced as far as hydraulic pressures 
are concerned. The vanes of the wheel are set well back, the 
angle Q being about 150 degrees. The wheel has seven short and 
seven long vanes. The fixed vanes in the chamber surrounding 
the wheel are so formed that tlxe direction of flow from each 
passage in this chamber is in the direction of the flow i aking place 
in the spiral chamber toward the rising main. Tliis is a very 
carefully designed pump and under the best conditions gave an 
efflciency of over 80 per cent. The performances of this pump 
at speeds varying from 531 to 656 resolutions per minute, the 
head varying from 7'657 to 13*86 metres and the discharge from 
0 to 275 litres per second, have been determined with considerable 
precision. In Tables XL, XLl and XLII are shown the results 
obtained at various speeds, and in Figs. 375-0 are shown head- 
discharge curves for speeds of 580 and 650 revolutions per 
minute. In carrying out experiments on pumps it is not easy to 
run the pumps exactly at a given speed, and advantage* has been 
taken of simple reduction formulae to correct the experimental 
values of the head and the discharge obtained at a speed near to 
580 revolutions per minute or to 650 revolutions per minute 
respectively as follows. For small variations of speed* the head 
as measured by the gauges is assumed to be proportional to the 
speed squared and the quantity to tho speed. Thus if Ho, see 
page 414, is the measured head at a speed of N revolutions per 
minute and Q is the discharge, then the reduced discharge at a 
sjieed Ni nearly equal to N is 



and the reduced head Hi is 



Ho. 


Before curves at constant speed are plotted it is desirable to 
make these reductions. Also if S is tho nett work done on the 
sliaft of the pump at N revolutions per minute the reduced nett 
work at Ni revolutions is taken as 


Si 



• See p4i,!e :i88. 
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It will be seen on reference to the head-discbarge curve at 650 
revolutions per minute that when the discharge reaches 120 litres 
per second the head very suddenly rises, or in other words an 
unstable condition obtains. A similar sudden rise takes place 
also at 680 revolutions per minute. The curves of Fig. 376 also 
illustrate the condition of instability. The explanation would 
appear to be that as the velocity of flow through the pump 
approaches that for which the efliciency is a maximum a sudden 
du^nution in the losses by shock takes place, which is accompanied 
by a rather sudden change in the efficiency, as shown in Fig. 375. 



Fig. 378. Qaantity-speod ourves for constant head of French pump. 

The parts of the head-discharge curves, from no discharge to 
the unstable portion, are fairly accurately represented by the 
equation 

WR = 2-6N® + 8-lNQ - 16-5Q“ 

or H = r 0’\04mt-0'mu* 

^9 
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and (lie second part of the cnrTes b 7 

Km = l'46ir + 14-7NQ -30Q* 

or H = + O'mvu - r65«». 

2fl' 

The agreement of the experimental valnos and the cuicniated 
values as obtained from these equations are seen in Tables 
XL-XLH. 

The quantity-speed curves for the pump shown in Figs. 373-4 
are shown in Fig. 378. The plotted points are experimental values 
while the curves have been plotted from the equation 
Km = 2-216N* + ll-48bNQ - 112-9Q*. 

The curves agree with the experimental values equally as well as 
the latter appear to agree amongst themselves. 

3. The power reqtilred to drive a pump. 

The theoretical work done in raising Q units of volume through 
a height H is 

E = w . Q . H. 

If e is the hydraulic efficiency of the pump, the work done on the 
wheel is 

<o.Q.H 

6 

On reference to the triangles of yelooities given on page 399 
it will be seen that when the angle of exit from the wheel is fixed 
the velocity Ui is proportional to Vj and since the head is propor- 
tional to Vi the work done B is proportional to or 

00 N». 

The power required to drive a perfect pump would, therefore, be 
proportional to N*, and as stated above for small elwingos in N the 
power required to drive an actual pump may be assumed propor- 
tional to N*. 

The loss of head in the pump has boon shown, p. 447, to depend 
on both the velocity of the wheel and the flow through the pump, 
and it might be expected therefore that the power required to 
drive the pump can be expressed by 

S = DN* + Q (PNQ + GrQ®)> A P and G being constants, 
or by 

S = DiN’ + N (P,NQ + 

The plotted points in Pig, 379 were obtained experimentally 
while the curves were plotted from the equation 

10®S = 0'852N" + 23*05N*Q + 67-7NQ*. 
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Fig. 379. Power Qaantity Garvcs at various heads for Contrifagal Pump shown in 
Figs 373,374. 

Normal Head 50 m. 

Normal Dischaige 100 L. per second. 


The equation gives reasonable values, for the heads indicated 
ill the figure, up to a discharge of 130 litres per second, tlie values 
of N corresponding to any value of Q being taken from the 
curves, Fig. 378. In Fig. 375 the shaft-hoise power at 580 and 
650 revolutions per minute respectively for various quantities of 
flow are shown. It will be seen that in each case the points lie 
very near to a straight lino of which the equation is 

10’S = N*(2'59 + 0 38Q). 

In Table XL are shown the horse-power as calculated by this 
formula and as measured by means of an Almslor transmission 
dynamometer. Closer results could, lio wevor, be probably obtained 
by taking two expressions, corresponding to the part*- below and 
above the critical condition respectively, of the more rational form 
given above. 
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TABLE XL. 


H caloalated from WH = 1'46N* h 14’7NQ - 300* 
S „ „ 10“S =N*(2-59 + 0-38Q). 


Bevs. 
per min. 
N 

Discharge 
Q litres 
per sec. 

Head 

metres 

Measured 

Hp 

Head 

metres 

Calculated 

H 

Shaft horse-power 

Measured 

S« 

Calculated 

S 

652 

158 

13*799 

13 80 

36*75 

36*40 

635 

148*5 

13*03 

13*14 

32*40 

33*3 

616*3 

137*0 

12*114 

12*27 

28*95 

28*6 

588*3 

88*3 

9 - a 27 

10 * 36 * 

18*60 

20-63 

668'0 

64*2 

8 - 44 * 

8 * 59 * 

15*37 

15*69 

656-7 

183*0 

13*904 

13*89 

42*3 

41*2 

633*7 

169*6 

13*02 

13*06 

35*6 

36-2 

621*3 

162*2 

12*55 

12*56 

33*35 

33*7 

597*7 

147*5 1 

11*62 

11*63 

28-76 

29*3 

572*0 

126*5 

10*43 i 

10*59 

23*45 

24*1 

555*9 

62*8 

8 * 35 * 

8 * 46 * 

15*58 

15*4 

531*3 

39*5 

7 - 65 * 

7 * 16 * j 

10*94 

11*5 

677*7 

202*0 

14*56 

14*47 ! 

47*75 

47*2 

652*7 

205*2 

13*15 

13*30 

44 40 

44*0 

627*0 

189*9 

12*30 

12*40 

38*2 

38*5 

602*7 

174*0 

11*55 

1163 

33*0 

33*50 

574*0 

156*0 

10*68 

10*65 

27*5 

28*10 

543 0 

124*0 

9*41 

9*56 

20*65 

21*60 

579*0 

159*0 

10*85 

10 82 

28*2 

28*00 

622*3 

187*0 

12*17 

12*25 

37*07 

37*60 

L 


* These resnlts are included although it is doubtful whether they would come 
on the part of the head-discharge curve given bj the above equation. ' 


TABLE XLI. 

H calculated from H= 2’6N* + 3'1NQ— 16'5Q* 

1 

or H = - ~ + 0-1 0 tow - 0-904«.*. 

2 fir 


Bevs. 

Discharge 

H 

H 

per min. 
N 

Q litres 
per sec. 

Measured 

Calculated 

650 

0 

11*01 

11 

650 

67*6 

11*469 

11*51 

650 

104*5 

11*41 

11*3 

680 

0 

8*65 

8*76 

682*6 

22*1 

9*06 

9*17 

582 

72*9 

9*18 

9*26 

583 

01*3 

9*14 

9*14 

588*3 

88*3 

9*32 

9*32 

593 

0 

i 

9*07 

1 

9*17 


u u. 


37 
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TABLE XLn. 

H calcnlated from IVB. * 1-46N* + 147NQ - 30Q». 
Bevolationa per mia. N = 580. 


Discharge 
Q litres 
per see. 

H 

Measured 

H 

Oaloulated 

161 -7 

10-87 

10*85 

217*9 

9*06 

9*25 

183*4 

10*40 

10*45 

203*6 

9*78 

9*85 

168 0 

10*96 

10*76 

143*4 

10*93 

10*94 

133 9 

10*92 

10 92 

215 9 

9*10 

9*30 

216*1 

932 

9*35 

221*6 

9*13 

9*05 

188*8 

1016 

10*26 


Note : — The retmlts fi^lven in the table hare been ohosen haphazard from a very 
large number of experimental values. 
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Chapter I, page Id. 

(1) 8900 lbs. 0800 Iba (2) 784 lbs. 200-0 tona 

(4) 170125 lbs. (5) 17-1 foot. (0) 19800 Iba 

(7) P-682469 Iba X-1812ft. (8) -91 foot (9) -089 in. 

(10) 16-96 lbs. per sq. ft. (11) 6400 lbs. 

(12) 89860 Iba 81S201ba 

Chapter n, page 35. 

(1) 86,000 0. ft (8) 2-98 ft. 

(4) Depth of C. of B.= 21-96 ft. BM=*14-48ft (6) 191ft. 0-9 ft 

(0) Less than 18*8 ft. from the bottom. (7) 1-67 ft (8) 2-8 ins. 

Chapter m, page 48. 

(1) -946. (2) 14-0 ft. per sec. 17-1 c. ft. per see. (8) 25-01 ft. 

(4) 116 ft. (6) 63-8 ft. per sea (0) 08 c. ft. per sea 

(7) 44928 ft Iba 1-80 H.P. 8-84 ft (8) 80-2 ft 11-4 ft. por sec. 

(0) 1048 gallona (11) 8-630. 

Chapter IV, page 78. 

(1) 80-25. (2) 8900. (8) 87-C30. (4; 6 ins. Oiam. 

(6) 8-607 ins. (0) -708. (7) 80 ft. per sea 116 a 

(8) -800. (9) -896. (10) -068. (11) 144-8 a pet sea 

(12) 2-94 ins. (18) -Oa (14) 672 gallona (16) 22404 lbs. 
(10) -0200. (17) 14 a a (18) -766. (19) 102 a a 

(20) -676 a 180 lbs. per sq. foot 6tf a Iba 

(21) 10-6 ins. 29*86 ina (22) -088 a (28) 4 62 minntea 
(24) 17*26 minutes. (26) 0*29 sq. a (20) 1*42 honra 

Chapter IV, page 110. 

(1) 18,020 a a (2) 4-16 a 

(8) 09-9 0 . a per sea 129*8 a a per sea (4) 2*.63r>. 

(6) 4. (7) 48-8 0 . a per sea (8) 1-073 a 

(9) 89-2 a (10) 2-22 a (U) 6*62 a (12) 28,600 a a 

(18) 24,260 a a (14) 105 minutoa (16) 040 s.r. 

37—2 
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Chapter V, page 170. 

(1) 278 ft -0189. (2) 14-2 ft. (4) 68. (6) 8-78 fk 

(6) 10-76. 1-4 ft. -88 ft. -782 ft. -0961ft. 

(8) *610. ft. 28-64 ft. 26-8 ft. Oft. (9) 26 per cent. 

(10) 1-97. 21ft. 80 ft 26 ft. 24 ft. 16 ft (11) 8-64 c. ft 

(12) 8-08 c. ft (13) -674 ft -267 ft. 772 ft. (14) 2-1 ft 

(16) 1-86 c. ft. per see. (16) F>=-04681bs. /--OOSS. 

(17) 1-028. (18) -704. (19) 2-9 ft. per see. 

(20) 4-4 0 . ft. per see. (21) If pipe is clean 46 ft. 

(22) 28 ft 786 ft. (23) Dirty cast-iron 6-1 feet per mile. 

(24) 8-18 feet (26) 1 fcot 

Tjt 

(27) — — » F»frictiion per unit area at unit velocity. 

(28) 108H.P. (29) 1480 lbs. Sins. (80) *002825. 

(81) A--004286. n«=l-84. (82) (a) 940ft. (b) 2871 h.p. (88) *0458. 

(84) If v=5 ft. per sec., and/s=*0056, ^-92 and H— 182. 

(85) 1487 xl0«. Yea. (86) 58*15 ft. (87) 54*5 hra. 

(88) 46|250 gallons. Increase 17 per cent. (89) 295*7 foot 

(40) 6 pipes. 480 lbs. per aq. inch. 

(42) Yelooitiea 6*18, 5*08, 8*15 ft. per sec. Quantity to Bb60 c. ft. per min. 
Quantity to C« 66*6 c. ft. per min. (45) *468 c. ft. per sec. 

(46) Using formula for old cast-iron pipes from page 188, v » 8*62 ft. per see. 

(47) 2*91 ft. (48) ds8*8inB. di»8*4inB. d|=2*9ins. d3B2*2ins. 
(49) Taking 0 as 120, first approximation to Q is 14*4 c. ft. per sec. 

(51) da4*18in8. 20*55 ft. per sec. jp =840 lbs. per sq. inch. 

(58) 7*069 ft. 8*01 ft. Cr»ll*9. 0^ for tubes =5*06. 

(54) Loss of head by friction = *73 ft. 

A head equal to ^ will probably be lost at each bend. 

(66) 489 ft. *986 in. 

(67) h=6S\ Taking *005 to bo / iu formula » v= 16*6 ft. per sec. 

(58) t!i=8*8 ft. per sec. from A to 1\ V2=^4*95 it per sec. from B to P. 
173=18*75 ft. per sec. from P to 0. 


Chapter VI, page 229. 

(1) 88*5. (2) l*lft.diam. 

(8) Value of m when discharge is a maximum is 1*857. 17*62. C = 127, 

Q=75 c. ft. per sec. 

(4) *0186. (6) 16,250 o. ft. per sec. (6) 8 ft. 

(7) Bottom width 15 ft. nearly. (8) Bottom width 10 ft. nearly. 

(9) 680 c. ft. per sec. (10) 96,000 c. ft. per sec. 

(11) Depth 7*85 ft. (12) Depth 10*7 ft. 

(18) Bottom width 75 ft. Slope *00052. (17) 0=87*5. 
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Chapter Vm, page 260. 

(1) 124'8IbB. •466H.P. (2) 628 lbs. 

(8) 104 lbs. 58-7 IbB. 294ft.lba. (4) 960 lbs. 

(6) 261 lbs. 4-7H.P. (6) 21-a (7) 67 lbs. 

(8) 12*4, 8‘4 lbs. (9) ImpiOBsed velocity as 28*6 ft. per see. Anglers 57*. 
(10) 181 lbs. 18-6 lbs. (12) -93. •67a -68. (13) 19*2. 

(14) Vel. into tank=34*8 ft. per sec. Wt. lifted=>io*8 tons or 8*65 tona 
Increased resistance = 2330 lbs. 

(16) 129 lbs. 8'3 ft. per see. 

(16) Work done, 676, 970, 1150, 1940 ft lbs. Efficiencies '60, |f, L 

(17) 1420 H.P. (18) *9375. (19) 82 H.P. 

(20) 8666 lbs. 161 b.p. 62 per cent. 

Chapter IX, page 413. 

(1) 105H.P. (2) ^=29*. V,=4-7 ft pet sec. 

(8) 10 per minnte. 11° from tbo top of wheel. <^=47*. 

^4) 1-17 c. ft (6) 4-1 feet (8) 29*6'. 

(9) 10*26 ft. per sec. 1*7 ft 6'8 ft. pci see. 19° to radins. 

(12) »=24'7 ft. per sec. (18) ^=.47°8tf. o=27°20'. , 

(14) 79° 16'. 19° 26'. '63. 

(16) 85‘6 ft. per sec. 6° 21'. 23^ ina Ilf ins. 12° 39'. 16§ins. 82} ins. 
(16) 99 per cent <^=78°, a -18°. </!.=120°, o=18“. 

(18) ^=168°28'. H=77'64ft. h.p.= 141‘16. Pressnrehoad-UT'Sft. 

(19) d-l’22ft D=214ft Angles 12' 46', 126° 22', 16° 4'. 

(20) <#i=184°63',6=16'25',a*9°10'. H.P.-2760. 

(21) 616. Heads by gauge, — 14, 85*6, 81. U— 61*5 ft. per sec. 

(22) <#1*168° 63', 0=26°. h.p.= 29'3. Eff.='957. 

(28) Blade angle 18° 30'. Vane angle 30° 26'. 8'92 ft. lbs. per lb. 

(24) At 2' 6" radius, fl-10°, ^=23° 45', 0=16*24'. At 3’ 8" radius, tf-12°ll' 
^=78° 47', 0=12° 46'. At4' radius, tf=16°46', <#>=162° 11', «=10°2]. 

(26) 79°80'. 21°40'. 41°30'. 

(26) 63°40'. 86°. 24°. 86'8 pot cent 87 per cent. 

(27) 12° 45'. 02° 16'. 81°4.6'. 

(28) t;=46'85. U=77. V,=44. «,=06. Ui=28. e=73'76 per cent 

(29) *36 ft 40° to radius. (30) About '22 ft 

(81) H.p.=80'a E£L.=92'6 per cent 

Chapter X, page 466 • 

(1) 47*4 B.p. (2) 26°. 63*1 ft per sec. 94 ft 60 ft 
Ot) 66 per cent (4) 62*6 per cent 

(6) 5^=106 ft ^-61 ft a-66ft 

(6) ir36'. 105 ft. 47-4 ft. 

(7) 60 per cent. 251 h.p. 197 revs, per min. 

(8) 700 revs, per min. *81 in. Eadial velocity 14*2 ft. per sea 
(12) 16*6 ft lbs. per lb. 8*05 ft 14 ft. per sec. 
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(16) v=23'64 ft. per sec. V=ll-3. 

(16) ds^Q^ins. D»19inB. Revs, per min. 472 or higher. 

Chapter XI, petge 514. 

(1) 15 B*p. 9*6 ins. diam. (2) 4*5 ft. 

(3) Vela. 1*23 and 2*41 ft. per sec. Max. accel. 2*32 and 4*55 ft. per sec. 

per BOO. 

(4) 893 ft. lbs. Mean friction head = *0268, therefore 'work due to friction 

is vory small. 

(6) 4*61 H.P. 11*91 c. ft. per min. (6) *838. 

(7) . Acceleration is zero when ^ (7/1+2), m being any 
integer. 

(11) Separation in second case. 

(13) 67*6 and 66*1 lbs. per sq. inch respectively. n.p.s8*14. 

(16) 7*93 ft. 26-8 ft. 69*93 ft. (16) 8*64. (17) *6. 

(18) Separation in the sloping pipe. 

Chapter XII, page 539. 

(1) 8160 lbs. (2) 8*38 ii.p. hours. (6) 4*7 ins. and 9*7 ins. 

(6) 8*388 tons. (7) 176 lbs. per sq. inch. 

(8) 2 8 ft. per sec. (9) 2*04 miiiutes. 

Chapter XIII, page 550. 

(2) 80,890 lbs. 1425 n.p. (2) 3500 n p. 

(3) 4575 Iba (4) 25,650 Iba 
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Absolute velocity 262 
Acceleration in pumps, 

Beciprooating pump) 

Accumnlators 
air 525 

differential 523 
hydraulic 520 
Air gauge, inverted 9 
Air veaselB on pumps 481, 484 
Angular momentum 273 
Angular momentum, rate of change of 
equal to a couple 274 
Appold centrifugal pump 442 
Aqueducts 1, 189, 195 
sections of 216 
Archimedes, principle of 22 
Armstrong double power h} draulio crane 
631 

Atmospheric pressure 8 
Bacon 1 

Barnes and Coker 129 
Barometer 7 
Bazin's experiments on 
calibration of Pitot tube 245 
distribution of pressure in the plane 
of an orifice 59 

distribution of velocity in the cross 
section of a channel 208 
distribution of velocity in the cross 
section of a pipe 144 
distribution of velocity in the piano of 
an orifice 59, 244 
flow in channels 182, 185 
flow over dams 102 
flow over weirs 89 
flow through orifices 56 
form of the jet from orifices 63 
Bazin's formulae for 
channels 182, 185 
orifices, sharp-edged 57, 61 
velocity at any depth in a vortical 
section of a channel 212 
velocity at any point in the cross 
section of a pipe 144 
weir, flat crested 99 
weir, sbarp-orested 97-99 
weir, sill of small thickness 99 
Bends, loss of bead due to 140, 559 


Bernoulli's theorem 89 
applied to centrifugal pumps 440, 
450, 464, 466 

applied to turbines 334, 339, 349 
examples on 48 

expeii mental illustrations of 41 
extension of 46 
Borda's mouthpiece 72 
Boussinesq's theory for disdrarge of a 
weir 104 

Boyden diffuser 314 
Brotherhood hydraulic engine 535 
Buoyancy of floating bodicb 21 
centre of 23 

Canal boats, steering of 47 
Capstan, hydraulic ^15 
Centro of buoyancy 23 
Centro of pressure 13 
Centrifugal force, effect of in discharge 
from water wheel 286 
Centrifugal head 

in centrifugal pumps 432, 435, 4S6, 
446, 44B 

in reaction turbines 303, 334 
Centrifugal pumps, see Pumps 
Channels 

circular, depth of flow for maximum 
discharge 221 

circular, de^ th of flow for maximum 
velocity 220 

coelllcients for, in formulae of 
Bazin 186, 187 
Darcy and Bazin 183 
Ganguillet and Kutter 184 
coefficients for, in logarithmic for- 
mulae 200-208 
coefficients, variation of 190 
curves of velocity and discharge for 222 
dimensions of, for given flow deter- 
mined by approximation 225-227 
diameter of, for given maximum dis- 
charge 224 

distribution of velocity in cross sec- 
tion of 208 

earth, of trapezoidal form 219 
erosion of earth 216 
examples on 223-231 
flow m 178 


[All numbers refer to pages,} 
effect of {see 
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ObaimelB (cont,) 

flow in, of given section and slope 
223 

forms of 
best 218 
variety of 178 
formula for flow in 
applications of 223 
approximate for earth 201, 207 
Aubisson’s 233 
Bazinas 185 

Bazin’s method of determining the 
constants in 187 
Ghezy 180 

Darcy and Bazin’s 182 
Eytelwein’s 161, 232 
Gaz^guillet and Eutter’s 182, 184 
historical development of 231 
logarithmic 192, 198-*200 
Prony 181, 232 
hydraulic mean depth of 179 
lined with 

ashlar 183, 184, 186, 187, 200, 206 
boards 183, 184, 187, 195, 201 
brick 183, 184, 187, 193, 195, 197, 
203 

cement 183, 184, 186, 187, 193, 202 
earth 183, 184, 186, 187, 201, 207 
gravel 183, 184 
pebbles 184, 186, 187, 206 
rubble masonry 184, 18G, 187, 205 
logarithmic plottings for 193-198 
minimum slopes of, for given velocity 
215 

particulars of 195 
problems 223 (bcc Problems) 
sections of 216 
siphons forming part of 216 
slope of for minimum cost 227 
slopes of 213, 215 
steady motion in 178 
variation of the coeflioient for 190 
CooifleieDts 

for orifices 57, 61, 63, 555 
for mouthpieces 71, 73, 76 (««e 
Mouthpieces) 

for rectangular notches (see Weirs) 
for triangular notches 85, 556 
for Venturi meter 46 
for weirs, 88, 89, 93, 561 (see Weirs) 
of resistance 67 
Condenser C 

Condition of stability of floating bodies 
24 

Contraction of jet from orifice 53 
Convergent mouthpiece 78 
Couple, work done by 274 
Cranes, hydraulic 528 
Crank effort diagram for three cylinder 
engine 587 
Critical velocity 129 
Current meters 239 
calibration of 240 


Current meters (conU) 

Gurley 238 
Haskell 240 

Curved stream line motion 552 
Cylindrical mouthpiece 73 

Dams, flow over 101 
Darcy 

experiments on flow in channels 182 
experiments on flow in pipes 122 
formula for flow in channels 182 
formula for flow in pipes 122 
Deacon’s waste water meter 254 
Density 8 
of gasoline 11 
of kerosene 11 
of mercury 8 
of pure water 4, 11 
Depth of centre of pressure 18 
Diagram of pressure on a plane area 16 
Diagram of pressure on a vertical circle 
16 

Diagram of work done in a reciprocating 
pump 473, 489, 497 
Differential accumulator 523 
Differential gauge 8 
Dimensions, theory of 563 
Discharge 

coefficient of, for orifices 60, 555 (see 
Orifices) 

coefficient of, for Venturi meter 46 
of a channel 178 (see Channels) 
over weirs 82, 662 (see Weirs) 
through notches 85 (see Notches) 
through orifices 50 (see Orifices) 
through pipes 112 (see Pipes) 
Distribution of velocity on cross section 
of a channel 208 

Distil bution of velocity on cross section 
of a pipe 143 

Divergent mouthpieces 73 
Dock caisson 161, 192, 216 
Docks, floating 31 
Drowned nappes of weirs 9C, 100 
Drowned orifices 65 
Drowned weirs 98 

Earth channels 

approximate formula for 201, 207 
coefficients for in Bazin’s formula 
187 

coefficients for in Darcy and Bazin’s 
formula 183 

coefficients for in Ganguillet and 
Eutter’s formula 184 
erosion of 216 

Elbows, loss of head duo to 140 
Engines, hydraulio 535 
Brotherhood 535 
Hastie 687 
Inertia forces in 499 
Bigg 538 

Erosion of earth channels 216 
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EzampleB, solations to which are given 
in the text — 

Boiler, time of emptying throu(^ a 
mouthpiece 78 

Gentrifugal pumps, determination of 
pressure head at inlet and outlet 
441 

Oentrifugal pumps, dimensions for a 
given discharge 431 
Gentrifugal pumps, series, number of 
wheels for a given lift 482 
Gentrifugal pumps, velocity at which 
delivery starts 489 

Ghannels, circular diameter, for a 
given maximum discharge 224 
Ghannels, diameter of 8i])hon pipes 
to give same diachorgo as an 
aqueduct 224 

Ghannels, dimensions of a canal for 
a given flow and slope 225, 226, 227 
Ghannels, discharge of an earth 
channel 225 

Channels, flow in, for given section 
and slope 223 
Cranes 12, 528 

Floating docks, height of metacentre 
of 34 

Floating docks, water to bo pumped 
from 33 

Head of water 7 

Hydraulic machinery, capacity of 
accumulator for working a hy- 
draulic crane 523 

Hydraulic motor, variation of the 
pressure on the plunger 500 
Impact on vaueb, form of vane tor 
water to outer without shock and 
leave in a given direction 271 
Impact on vanes, pressure on a vane 
when a jet in contact with it is 
Jurned through a given angle 267 
Impact on vanes, turbiue wheel, 
form of vanes on 272 
Impact on vanes, turbine wheel, 
water leaving the vanes of 269 
Impact on vanes, work done on a 
vane 271 

Metacentre, height of, for a floating 
dock 34 

Metaoentre, height of, for a ship 26 
Mouthpiece, discharge through, into 
a condenser 76 

Mouthpiece, time of emptying a 
boiler by moans of 78 
Mouthpiece, time of emptying a 
reservoir by means of 78 
Pipes, diameter of, for a given dis- 
charge 152, 153 

Pipes, discharge along pipe connecting 
two reservoirs 151, 154 
Pipes in parallel 154 
Pipes, pressure at cud of a service 
pipe 151 


Examples (cont.) 

Pontoon, dimensions for given dis- 
placement 29 

Pressure on a flap valve 13 
Pressure on a masonry dam 13 
Pressure on the end of a pontoon 13 
Beciprooating pump fitted with an 
air vessel 500 

Beciprocating pump, horse-power of, 
with long delivery pipe 500 
Beciprocating pump, pressure in an 
air vessel 500 

Beciprocating pump, separation in, 
diameter of suction pipe for no 499 
Beciprocating pump, separation in 
the delivery pipe 494 
Beciprooating pump, separation in, 
number of strokes at which sepa- 
ration takes place 488 
Beciprocating pump, variation of 
pressuri' in, due to inertia forces 500 
Besorvoirs, time of emptying by weir 
108 

Beservoirs, time of emptying through 
orifice 78 

Ship, height of metacentre of 26 
Transmission of fluid pressure 12 
Turbine, design of vanes and de- 
termination of effioitney of, con- 
sidering friction 331 
Tuibiuc, design of vanes and de- 
termination of eifloienoy of, fric- 
tion neglected 322 

Turbine, dimensions and form of 
vanes for given horse-power 311 
Turbine, double compartment parallel 
flow 319 

Turbine, form of vanes for an out- 
ward flow 311 

Turbine, hammer biow in a supply 
pil^ 397 

Turbine, velocity of the wiicel for a 
given head 321 
Venturi meter 1 

Water wheel, diameter of breast 
wheel for given horse-power 290 
Weir, correction of coeflicient for 
velocity of approach 94 
Weir, discharge of 94 
Weir, disoharge of by apxiroximatiou 
108 

Weir, time of emptying reservoir by 
means of 110 

Fall Increaser 395 
Fall of fiee level 51 
Fire hose nozzle 73 
Flap valve, pressure on 18 
centie of pressure 18 
Floating bodies 
Archimedes, principle of 22 
buoyancy of 21 
centre of buoyancy of 23 


37—5 
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FtoatlSjgr bodtof (ami,) 
eonditions of equilibrium of 21 
oontaining water, stability of 29 
examples on 34, 350 
metacentre of 24 
resietanoe to the motion of 541 
small displacements of 24 
stability of equilibrium, oondltion of 
24 

stability of floating dock 33 
stability of rectangular pontoon 26 
stability of vessel containing water 29 
stability of vessel wholly immeised 
30 

weight of fluid displaced 22 
Floating docks 31 
stability of 83 
Floats, double 237 
rod 239 
surface 237 
Flow of water 
defluitiouB relating to 38 
energy per pound of flowing water 88 
in open channels 178 (see Channels) 
over dams 101 (su Dams) 
over weirs 81 (see Weirs) 
through notches 80 (see Notches) 
through orifices 60 [see Orifices) 
through pipes 112 (see Pipet) 

Fluids (liquids) 
at rest 3*19 
examples on 19 
oompressiblc 3 
density of 3 

flow of, through orifioes 50 
incompressible 3 
in motion 37 

pressure in, is the same in all direo> 
tions 4 

pressure on an area in 12 
pressure on a horizontal plane in, is 
constant 5 
speoifio gravity of 8 
steady motion of 37 
stream line motion in 87, 561 
transmission of pressure by 11 
used in U tubes 9 
viscosity of 2, 565 
Forced vortex 432, 554 
Forging press, hydraulic 526 
‘Fourneyron turbine 307 
Free vortex 450, 653 
Friction 

coefficients of, for ships’ surfaces 543, 
549 

effect of, on disoharge of centrifugal 
pump 448 

effect of, on velocity of exit from Im- 
pulse Turbine 373 

effect of, on velocity of exit from 
Poncolet Wheel 297 
Fronde’s experiments on fluid 541 
in centrifugal pumps 427 


Friction (eont,) 
in channels 180 
in pipes 113, 118 
in reciprocating pumps 479 
in turbines 813, 321, 339, 873 

Ganguillet and Eutter 
ooeffioients in formula of 125, 184 
experiments of 183 
formula for channels 184 
formula for pipes 124 
Gasoline, specific gravity of 11 
Gauges, pressure 
differential 8 
inverted air 9 
inverted oil 10 

Gauging the flow of water 234 
by an orifice 235 
by a weir 247 
by ohemioal means 268 
by floats 239 (see Floats) 
by meters 284, 251 (see Meters) 
by moving diaphragm 506 
by Pitot tubes 241 
by weighing 284 
examples on 260 
in open channels 236, 566 
in pipes 251 

Glazed earthenware pipes 186 
Gurley’s current meter 238 

Hammer blow in a long pipe 384, 397 
Haskell's current meter 240 
Hastie’s engine 537 
Head 

position 89 
pressure 7, 89 
velocity 39 

High pressure pump 501 
Historical development of pipe and 
channel formulae 231 « 

Hook gauge 248 
Hydraulic accumulator 520 
Hydraulic capstan 535 
Hydraulic crane 528 
double power 529 
valves 531 

Hydranlio differential accumulator 524 
Hydraulic engines 535 

crank effort diagram for 537 
Hydraulic forging press 526 
Hydraulic gradient 115 
Hydraulic intensifier 525 
Hydraulic machines 619 
conditions which vanes of, must 
satisfy 270 

eocamples on 523, 539 
joints for 519 
maximum efficiency of 295 
packings for 519 
Hydraulic mean depth 119 
l^draullo motors, variations of pressure 
in, due to ineitia foroes 499 
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Hydranlio ram 504, 601 
Hydraulic riveter 638 
Bydraulios, definition of 1 
Bydroetatioa 4-19 

Impact of water on vanes 261 {see Tanes) 
Inertia forces in hydraulic motors 499 
Inertia forces in reciprocating pumps 
475 

Inertia, moment of 14 
Intenslfiers, hydraulic 525 
non-return valves for 526 
IntensifierB, steam 527 
Inverted air gauge 9 
Inverted oil gauge 9 

Inward flow turbines 275, BIB {see 
Turbines) 

Joints used in hydraulic work 519 

Kennedy meter 255 
Kent Venturi meter 25B 
Kerosene, specific gravity of 11 

Leathers for hydraulic packings 520 
Logarithmic formulae for flow 
in channels 192 
in pipes 125 
Logarithmic plottings 
for channels 195 
for pipes 127, 133 
Lttthe valve 583 

Masonry dam 17 
Mercury 

specific gravity of 8 
use of, in baiorncicr 7 
use of, in 17 tubes H 
Metaoentrc, height of 24 
Motors 
cunent 239 

Deacon’s waste water 254 
Kennedy 255 
Leinert 231 
Venturi 44, 75, 261 
Moment of inertia 14 

of water plane of floating body 25 
table of 15 

Motion, second law of 263 
Motors, hydraulic 499, 535 
Mouthpieces 54 
Borda’s 72 

coefficients of discharge for 
Borda’s 73 
conical 73 
cylindrical 71, 76 
fire nozzle 73 

coefficients of velocity for 71, 73 

conical 73 

convergent 73 

cylindrical 73 

divergent 73 

examples on 78 


Mouthpieces {cont) 
flow through, under constant pressnie 
76 

loss of head at entrance to 70 
time of emptying boiler through 78 
time of emptying reservoir through 


Nappe of a weir 81 
adhering 95 
depressed 95 
drowned or wetted 95 
free 95 

instability of the form of 97 
Newton’s second law of motion 263 
Notation used in connection with vanes, 
turbines and centrifugal pumps 272 
Notolies 

coefficients for rectangular {^ee Weirs) 
coefficients for triangular 85 
rectangular 80 {see Weirs) 
triangular 80 

Nozzle at eud of a pipe 159 
Nozzle, fire 74 

Oil pressure gauge, inverted 10 
calibration of 11 

Oil preshUre regulator for turbines 379 

Orifices 

Bazin’s coefficients for 67, 61 
Bazin’s experiments on 56 
ooeffioients of contraction 52, 56 
ooeilicients of discharge 57, 60, 61, 63, 
565 

coefficients of velocity 54, 57 
contraction complete 53, 57 
contraction incomplete or suppressed 
53, 03 

distribution of pressure in plane of 50 
distribution of velocity in plane of 59 
drowned 65 
drowned partially 66 
examples on 78 
flow ot fluids through 50 
flow of fluids through, under constant 
pressure 75 

force acting on a vessel when ^ ator 
issues Irom 277 
form of jet from 63 
large rectangular 64 
partially drowned 66 
pressure in the piano of 59 
sharp-edged 52 

time of emptying a lock or tank by 
76, 77 

Torricelli’s theorem 51 
velocity of approach to 60 
velocity of approach to, effect on dis- 
charge from 67 

Packings for hydraulic inacbines 519 
Parallol flow turbine 276, 342, 368 
Parallel flow turbine pump 464 



588 


INDEX 


Felton wlieel 276, 377, 880 
Piezometer fittings 139 
Piezometer tubes 7 
Pipes, flow of air in 565 
bends, loss of head due to 141, 559 
ooefiGloients 
C in formula 

and finh=-~ 

iiffd 

for oast iron, new and old 12G, 
121, 122, 123, 124 
for steel riveted 121 
for Daroj’s formula 122 
for logarithmic formulae 
brass pipes 133, 138 
oast iron, new and old 125, 137, 
138 

glass 135 
riveted 137, 138 
wood 135, 138 
wrought iron 122, 135, 138 
n in Ganguillet and Enttor’s formula 
oast iron, new and old 125 
for glazed earthenware 125 
for steel riveied 184 
for wood pipes 125, 184 
variation of, with service 123 
connecting three reservoirs 155 
connecting two reservoirs 149 
connecting two reservoirs, diameter of 
for given discharge 1 52 
critical velocity in 128, 556 
Darcy’s formula for 122 
determination of the coefficient C, as 
given in tables by logarithmic plot- 
ting 132 

diameter of, for given discharge 152 
diameter for minimum cost 158, 177 
diameter varying 100 
divided into two branches 154 
elbows for 141 

empirical formula for head lost in 
119 

empirical formula for velocity of flow 
in 119 

equation of flow in 117 
examples on flow in 149-162, 170 
experimental determination of loss of 
head by friction in 11 G 
experiments on distribution of velocity 
in 144 

experiments on flow in, criticism of 
138 

experiments on loss of head at bends 
142, 559 

experiments on loss of head in 122, 
125, 129, 181, 132, 136, 55G, 565 
experiments on loss of head in, 
oriticism of 138 
flow through 1 12 

flow diminishing at uniform rate in 
157 


Pipes (cont.) 
formula for 
Chezy 119 
Darcy 122 

logarithmic 125, 131, 133, 137-138 
Reynolds 131 
summary of 148, 565 
velocity at any point in a cross 
section of 143 

friction in, loss of head by 113 
determination of 116 
Ganguillet and Eutter’s formula for 
124 

gauging the flow in 251 
general formula for 565 
hammer blow in 397 
head lost at entrance of 70, 1 14 
head lost by friction in 113 
head lost by fiiction m, empirical 
formula for 119 

head lost by friction in, examples on 
150-162, 170 

head lost by friction in, logarithmic 
formula for 125, 133 
head required to give velocity to water 
in the pipe 14(> 

head required to give velocity to water 
in the pipe, approximate value 113 
hydraulic gradient for 115 
hydraulic mean depth of 118 
joints for 519 

law of frictional resistance for, abovo 
the critical velocity 130 
law of frictional resistance for, below 
the critical velocity 1 25 
limiting diameter of 1G5 
logarithmic formula for 125 
logarithmic formula for, coefficients 
lu 138 

logarithmic formula, use of, for prac- 
tical calculations 136 
logarithmic plottings for 126 
nozzle at discharge end of, area of 
when energy of jet is a maximum 
159 

when momentum of jet is a maxi- 
mum 159 

piezometer fittings for 139 
pressure on bends of 1G6 
pressure on a cylinder in 169 
pressure on a plate in KiS 
problems 147 {see Problems) 
pumping water through long pipe, 
diameter fox minimum cost 158, 
177 

resistance to motion of fluid in 112 
rising above hydraulic gradient 115 
short 153 
siphon 161 

temperature, effect of, on velocity of 
flow in 131, 140, 556 
transmission of power along, by hy- 
draulic pressure 158, 162, 177 
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Pipes (cowt.) __ 

Talaea of C in the formula v=C>Jmi 
for 120, 121 __ 

variation of C in the formula v = C s/n^t 
for 123 

'variation of the disohargo of, with 
service 123 

velocity of flow allowable in 162 
velocity, head required to give velocity 
to water in 146 

velocity, variation of, in a ciobb section 
of a pipe 143 
virtual slope of 115 
Pitot tube 241, 560 
calibration of 246 
Poncelet water wheel 294 
Pontoon, pressure on end of 18 
Position head 29 
Press, forging 526 
Press, hydraulic 626, 532 
Pressure 

at any point in a fluid 4 
atmospheric, in feet of water 8 
gauges B 
head 7 

measured in feet of water 7 
on a horizontal plane in a fluid 5 
on a plate in a pipe 168 
on pipe bends 166 
Principle of Arohimedefl 19 
Principle of flimilarity 84 
Problems, solutions of which are given 
in the text — 
channels 

diameter of, for a given maximum 
discharge 224 

dimensions of, for a given flow 
226-227 

eartl) discharge along, of given di- 
mensions and slope 224 
flow in, of given section and slope 
223 

slope of, for minimum cost 227 
solutions of, by approximation 
226-227 
pipes 

acting as a siphon 161 
connecting three reservoirs 156 
connecting two reservoirs 149 
diameter of, for a given discharge 
162 

divided into two branches 154 
head lost in, when flow diminishes 
at uniform rate 167 
loss of head in, of varying diameter, 
160, 161 

pumpmg water along, diameter of, 
for minimum cost 168, 177 
with nozzle at the end 158, 159 
Propulsion of ships by water jets 279 
Pumping water through long pipes 
158 


Pumps 

centrifugal 419 and 568 
advantages of 462 
Appold 442 

Bernoulli’s equation applied to 
440 

centrifugal head, elleot of variation 
of on discharge 448 
centiifugal head, iinprosHed on the 
water by the wheel 432 
oharactcristicB 454, 458 
design of, for given discharge 429 
dibcharge, effect of the variation of 
the centrifugal head and loss by 
friction on 410 

disohargo, head- velocity curve at 
'/.cro 436 

discliarge, variation of with the head 
at constant speed 437, 454 
discharge, variation of with speed 
at constant head 438, 455 
efficiencies of 427 

efiiciencios of, experimental deter- 
mination of 128 

examples on 481, 439, 441, 415, 462, 
466 

fonn of vanes 323 

fiiction, effect of on di«.charge 416, 

448 

general equation for 448, 452, 455, 
457, 570 
gross lift of 427 

bead-disehaige curve at constant 
velocity 437, 489, 454 
head lost in 441 

lioad, variation of with discharge 
and speed 445 

head- velocity curve at constant dis- 
charge 45G 

head-velocity curve at zero discharge 
436 

Horse-Power 675 

kinetic energy water at exit 420 
limiting height to which single wheel 
pump will raise water 458 
limiting velocity of wheel 431 
losses of head in 441 
multi-stage 4C0 
series 460 

spiral casing for 421, 466, 569 
starting of 422 
suction of 458 
Bulzer series 461 

Thomson’s vortex chamber 424, 434, 

449 

triangles of velocities at inlet and 
exit 424 

vane angle at exit, effect of variation 
of on the efficiency 442 
velooity-disrbarge curve at constant 
head 436, 439, 448, 455 
velocity, head-discharge curve fur at 
constant 437 
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Pfunps (eont) 
oentrifagal (eanL) 

irelodtj head, special arrangement 
for converting into pressure head 
449 

velocity, limiting, of rim of wheel 
481 

velocity of whirl, ratio of, to velocity 
of outlet edge ef vane 425 
vortex chamber of 422, 434, 449 
with whirlpool or vortex chamber 
422, 484, 449 

work done on water by 424 
oompressed air 507 
duplex 503 

exaipples on 481, 439, 441, 4C2, 4C6 

force 419, 469 

high pressure 602 

Humphrey gas 508 

hydraulic lam 605 

packings for plungers of 502, 520 

rec iprocating 469 

acceleration, effect of on pressure in 
cylinder of a 476, 478 
acceleration of the plunger of 474 
acoeleiation of the wator in delivery 
pipe of 478 

acoeleiation of the water in huotion 
pipe of 475 

air vessel on delivery pipe of 484 
air vessel on suction pipe of 481 
air vessel on suction pipe, effect of 
on separation 492 
coofficiont of dihcltarge of 472 
diagram of work done by 473, 480, 
489, 497 

discharge, coefficient of 472 
duplex 503 

examples on 488, 494, 499, 500, 514 
friction, variation of pressure m the 
cylinder due to 479 
head lost at suction, valve of 498 
head lost by friction in the suction 
and delivery pipes 479 
high pressure plunger 501 
pressure m cylinder of when the 
plunger moves with simple har- 
monic motion 470 
pressure in the cylinder, variation of 
due to friction 479 
separation in delivery pipe 493 
separation durmg auction stroke 
486 

separation during suction stroke 
when plunger moves witli simple 
harmonic motion 4bd, 491 
slip of 472, 491 
suction stroke of 471 
suction stroke, separation in 48G, 
491, 492 

Tangye duplex 503 
vertical single acting 470 
woik done by 471 


Pumps (cent.) 
reciprocating (cent.) 
woik done by, diagram of 478, 489, 
497 

turbine 428, 452 

head-discharge ourves at constant 
speed 454, 571 

head- velocity curves at constant dis- 
charge 456 
inward flow 465 
multi-stage 460 
parallel flow 464 

velocity- discharge curves at constant 
head 455, 571 
Worthington 459 
woik done by 473 

work done by, diagram of (see lle- 
ciprooating pumps) 
work done by, series 460 

Kayleigh, Lord 568 
Beaction turbines 801 
limiting head for 367 
series 367 

Beaction wheels 301 
efficiency of 304 

Iteciprooating pumps 469 [see Pumps) 
Uoctangular pontoon, stability of 26 
Iteetangnlar sharp-edged weir 81 
llectangular sluices 65 
Beotangular weir with end contractions 
88 

Begulation of turbines 306, 317, 318, 
323, 348 
Bpgulators 

oil piesBiire, for impulse turbine 379 
Turgo turbine 377 

water pressuie, for impulse turbine 381 
Belative velocity 265 
as a vector 266 

Beservoirs, time of emptying through 
orifice 76 

Beservoirs, time of emptying over weir 
109 

Besistance of ship 544 
Beynolds 130 and 503 
Bigg hydraulic engine 538 
Bivers, flow of 191, 207, 211 
ill vers, scouting banks of 554 
Biveter, hydraulic 534 

Scotch turbine 301 
Second law of motion 263 
Separation (see Pumps) 

Sharp-edged orifioes 
Bazin’s experiments on 56 
distribution of velocity in the plane 
of 59 

pressure in the plane of 59 
table of coefficients for, when contrac- 
tion is complete 57, 61, 555 
table of coefficients for, when contrac- 
tion is suppressed 68 
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Sharp-edged weir 81 {see Weirs) 

Ships 

prcpnlsion of by water jets 279 
resistanoe of 544 
resistance of, from model 549 
stream line theory of the resistance 
of 544 

Similar turbines 866 
Similarity, principle of 64 
Siphon, forming part of aqueduct 216 
pipe 161 

Blip of pumps 472, 491 
Sluices 66 

for regulating turbines [see Tur- 
bines) 

Specific gravity 3 
of gasoline 11 
of kerosene 11 
of mercury 6 

of oils, variation of, with temperature 
of pure water 4 

variation of, with temperature 11 
Specific speed of turbines 387 
Stability of 
lloating body 24, 25 
floating dock 81 

floating vessel containing water 29 
rectangular pontoon 26 
Steady motion of fluids 37 
Steam inteusifier 526 
Stokes, Sir G. 568 
Stream line motion 87, 129, 551 
curved 552 

llele Shaw’s experiments on 551 
Stream line theory of resistance of ships 
544 

Suction in centrifugal pump 456 
Suction in reciprocating pump 471 
Suction tube of turbine 300 
Sudden oontraotiun of a current of water 
69 

Sudden enlargement of a current of water 
67 

Sulzor, multi-stage pump 401 
Suppressed contraction 53 
effect of, on discharge from orifice 
02 

effect of, on discharge of a weir 82 
Surge tank 899 

Tables 

clianuds, sewers and aqueducts, par- 

tionlars of, and values of - in 
P 

formula i=~ 195 
mP 

channels 

slopes and maximum velocities of 
flow in 216 

values of a and j3 in Bazin’s formula 
188 


Tables (conf.) 
channels {font.) 

values of v and i as determined 
experimentally and as calcylated 
from logarithmic formulae 196, 
201-208 

coefficients for dams 102 
coefficients for sharp-edged orifice, 
contraction complete 57, 61, 55.> 
coefficients for sharp-edged orifice, 
contraction BUjipressed 63 
coefficients for sharp -edged welis 89, 
93 

coefficients for Venturi meters 46 
earth channels, velocities above which 
erosion takes place 216 
minimum slopes for varying values of 
the hydraulic mean depth of brick 
chaniKds that the velocity may not 
be less than 2 ft. per second 215 
moments of Inertia 15 
Pelton wheels, particulars of 877 
pipes 

lead, slope uf and velocity of flow in 
128 

reasonable values of 7 and n in 
the forniuLi h-^!. 1 138 
values of G in the formula 


v^Cs/vH 120, 121 

values of / iu the formula 

•iyd 

values of n in GangnilUt and 
Gutter’s formula 125, 184 
values of n and k m the formula 
i=hv^ 137 

resistance to motion of boards in 
fluids 609 

turbines, peripheral velocities and 
heads of inward and outward flow 
333 

useful data 3 

Thomson, centrifugal pump, vortex 
chamber for 481, 449 
principle of similarity 62 
turbine 328 

Time of emptying tank or icservoir by 
an orifice 76 

Time of emptying a tank or reservoir 
by a weir 109 
Torricelli’s theorem 1 
proof of 51 
Total pressure 12 
Triangular notches 80, 656 
disciiarge through 85 
Turbines 

axial flow 276, 342 
axial flow, impulse 868 
axial flow, pressure or reaction 842 
axial flow, section of the vane with 
ihe variation of the radius 844 
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Turbines {eont) 

Bemoulii^fi equations for 334 
best peripheral velocity for 329 
central vent 820 

centrifugal head impressed on water 
by wheel of 334 
characteristic curves 300 
cone 859 

design of vanes for 346 
efficiency of 315, 831, 386 
examples on 311, 321, 331, 341, 349, 
418 

fall increaser for 895 
flow through, effect of diminishing, by 
means of moveable guide blades 362 
flow through, effect of diminishing, by 
means of sluices 364 
flow through, effect of diminishing, on 
velocity of exit 363 
Fontaine, regulating sluices 348 
form of vanes for 808, 847, 305 
Foumeyron 306 
general formula for 810 
general formula, including friction 
815 

guide blades lor 320, 32Q, 348, 352, 
362 

guide blades, effect of changing the 
direction of 362 

guide blades, variation of the angle 
of, for parallel flow turbines 344 
horso-power, to develop a given 339 
impulse 300, 369-384 
axial flow 3G8 
examples 413 
for high heads 373 
form of vanes for 371 
Girard 369, 370, 373 
hydraulic efficiency of 371, 373 
in airtight chamber 370 
pressure regulator for 877 
radial flow 370 
triangles of velocities for 372 
triangles of velocities for considering 
friction 873, 376 
water pressure regulator for 380 
water pressure regulator, hydraulic 
valve for 382 

water pressure regulator, water filter 
for 384 

work done on wheel per lb. of water 
272, 277, 323 

inclination of vanes at inlet of wheel 
808, 321, 344 

inclination of vanes at outlet of wheel 
308, 321, 845 
in open stream 860 
inward flow 276, 318 
Bernoulli’s equations for 334, 339 
best peripheral velocity for, at uiiet 
329 

central vent 320 

examples on 321, 831, 311, 413 


Turbines (cont.) 
inward flow (cout.) 
experimental determination of tbe 
best velocity for 829 
for low and variable falls 328 
Francis 320 
horizontal axis 327 
losses in 321 
Tiiomson 324 

to develop a given horse-power 339 
triangles of velocities for 322, 326, 
332 

work done on the wheel per lb. of 
water 821 

limiting head for reaction turbine 867 
loss of head in 313, 321 
mixed flow 360 

form of vanes of 355 
guide blade regulating gear for 
352-354 

in open stream 360 
Swam gate for 8G4 
tiiangles of velocities for 355-356 
wheel of 351 
Niagaia falls 318 

oil pressure regulator foi 377, 378 
output of 385 
outward flow 275, 806 
Bernoulli’s equations for 334, 339 
best peripheral velocity fur, at inlet 
329 

Boyden 314 
diffuser for 31 i 
double 316 

examples on 811, 413 
experimental determiuation of the 
best velocity for 329 
Foumeyron 307 
losses of head in 313 
Niagara falls 318 
suction tube of 308, 317 
triangles of velocities for 308 
work done on the wheel per lb. of 
water 310, 315 
parallel flow 27G, 342 

adjustable guide blades for 348 
Bernoulli’s equations for 348 
design of vanes for 344 
doulde compartment 343 
examples on 349, 887 
regulation of the flow to 848 
triangles of velocities for 344 
reaction 301 
axial flow 276-342 
cone 359 

inward flow 275, 318 
mixed flow 350 
outward flow 306 
parallel flow 276-842 
Scotch 302 
series 368 

regulation of 306, 317, 818, 323, 348, 
350, 352, 360, 362, 864 
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Turbines (cont.) 
similar 386 
speoific speed 387 
Sootoh 301 

sluices for 805, 307, 316, 317, 319, 
327, 328, 348, 350, 361, 364 
suotion tube of 306 
surge tank 399 
Swain gate for 364 
Thomson’s inward flow 323 
to develop given hoise-power 339 
triangles of vclocitieB at inlet and 
outlet of impulse 372, 376 
triangles of velocities at inlot and 
outlet of inward flow 808 
triangles of velocities at inlot and 
outlet of mixed flow 356 
triangles of velocities at inlot and 
outlet of outward flow 344 
triangles of velocities at inlet and 
outlet of parallel flow 344 
types of 300 
vanes, form of 

between inlet and outlet 365 
for inwaid flow 321 
for mixed flow 351, 356 
for outward fl(»w 311 
for )>a) allel flow 344 
Telocity of whirl 273, 310 

ratio of, to velocity of inlet edge 
of vane 332 

velocity with which water leaves 334 
wheels, path of water through 312 
wheels, periphei-al velocity of 333 
Whitelaw 802 

work done on per lb. of flow 275, 
304, 315 

Turning moment, woik done by 273 
TweddelPs differential accumulatoi 523 

U tubes, fluids used in 9 
Undershot water wheels 292 

Valves 
crane 531 
hydraulic rarn 506 
intensifler 525 
Luthe 533 
pump 502-3 
Vanes 

conditions which vanes of li^draulic 
machines should satisfy 270 
examples on impact on 269, 272, 280 
impulse of water on 2()3 
notation used in connection with 272 
Pol ton wheel 276 
pressure on moving 266 
work done 266, 271, 272, 275 
Vectors 

definition of 261 
difierencG of two 262 
relative velocity defined as vector 266 
sum of two 262 


Velocities, resultant of two 26 
Velocity 

ooefiicient of, for orifices 54 
head 39 

of approach to orifices 66 
of approach to weirs 90 
relative 265 

Venturi meter 44, 75, 251 
Virtual slope 115 
Viscosity 2, 565 
Vortex, free 450 
forced 482 

Water 

definitions relating to flow of 38 
density of 3 
speclfio gravity of 3 
Tiscosity of 2 
Water wheels 
Breast 288 

effect of 'centrifugal forces on water 
286 

exfiinples on 290, 386 
Impulse 291 
Overshot 283 
Poncelct 294 
Sagebien 290 

Undershot, with flat blades 292 
Weirs 

Bazin’s experimentb on 89 
Boussinesci’s theory of 104 
droular 502 

cocflicients . 

Bazin’s formula for 
adhering nnpjje 98 
deprcsbcd nappe 98 
drowned nappe 97 
flat-crested 99, 100 
free nappe 88, 98 
Bazin’s lablos of 89, 93 
for flat-orcHted 99, 100 
for sharp-crested 88, 89, 93, 97, 98 
for sliarii-crcs v. *, curve of 90 
Bafter’s table of 89 
Cornell experiments on 89 
dtims acting as, flow over 101 
discharge of, by principle of simil«Arity 
86 

discharge of, when air is nut admitted 
below the nappe 91 
drowned, with sharp ' rests 98 
examples on 93, 98, 108, 110 
expeiiments at Cornell 89 
experiments of Bazin 89 
flat -crebted 100 

ioiiu of, for accurate gauging 104 
formula for, derived from that of a 
large orifice 82 
Francis* formula for 83 
gauging flow of water by 247 
nappe of 

adhering 95, 96 
depressed 95, 98, 99 
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Weln (cont) 
nappe of (cont) 
drowned 95, 96, 98 
free 88, 95, 98 
instability of 97 
wetted 95, 96, 99 
of various forms 101 
principle of similarity applied to 86 
rectangular sharp-edged 81 
rectangular, with end contractions 82 
side contraction, suppression of 82 
sill, influence of the height of, on 
discharge 94 
bQI of sm^l thickness 99 


Weirs (cent) 

time required to lower water in 
reservoir by means of 109 
various forms of 101 
velocity of approach, correction of 
coefiioient for 92 

velocity of approach, correction of 
coefficient for, examples on 94 
velocity of approach, effect of on 
discharge 90 
wide flat-crested 100 
Whitelaw turbine 302 
Whole pressure 12 
Worthington multi-stage pump 459 
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